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 i 
Résumé 
Les matériaux conjugués sont  au centre de la recherche de pointe grâce à leurs 
propriétés photophysiques et électrochimiques intéressantes, permettant leur inclusion dans 
divers dispositifs de l’électronique plastique. Les  grands défis pour la synthèse de ces 
nouveaux composés sont la reproductibilité et la purification des matériaux, ainsi que le design 
intelligent de molécules ayant des propriétés désirées. Afin de pallier à ces problèmes, il est 
impératif de développer une méthode de synthèse qui ne nécessite pas l’utilisation de 
conditions drastiques, ni de catalyseurs métalliques dispendieux. L’utilisation de liens 
azométhines est une solution intéressante, puisque ceux-ci sont formés d’une simple 
condensation entre une amine et un aldéhyde, que leur seul sous-produit est de l’eau, qu’ils 
peuvent être synthétisés avec un minimum d’étapes de purifications et qu’ils sont 
isoélectroniques à leurs analogues vinyliques dont les propriétés sont connues.  
L’objectif principal de cette thèse est d’évaluer l’effet de l’ajout de groupements 
électro-donneurs 3,4-éthylène dioxythiophène (EDOT) sur les propriétés opto-électroniques 
des azométhines dans le but ultime d’incorporer ces matériaux dans des dispositifs 
électrochromiques stables et efficaces. Ainsi, les propriétés photophysiques et 
électrochimiques de divers trimères EDOT-azométhine seront présentées. Des analogues 
vinyliques à des azométhines déjà connus seront développés afin de pouvoir affirmer leur 
comportement isoélectroniques d’un point de vue opto-électronique. Ces nouveaux composés 
vinyles permettront d’obtenir un diamino-thiophène pouvant être utilisé comme module pour 
la synthèse de polyazométhines sur surface. Ces polyazométhines seront inclus dans des 
dispositifs électrochromiques. Finalement, comme les azométhines ne sont pas fluorescents, 
l’exaltation de l’émission de bithiophènes modèles à l’aide d’un système donneur-accepteur 
sera présentée, dans le but ultime de pouvoir appliquer les connaissances obtenues sur les 
azométhines. En somme, cette thèse explore diverses modulation des propriétés afin 
d’améliorer le design intelligent de matériaux conjugués.  
Mots-clés : Chimie, Synthèse, Azométhines, Matériaux Conjugués, Photophysique, 
Électrochimie, Électrochromisme, Fluorescence.  
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Abstract 
Conjugated materials have received much attention lately owing to their photophysical 
and electrochemical properties that make them suitable for use in plastic electronics 
applications. The challenges for the creation of new materials are to have reproducible 
synthetic methods that lead to easily purified products, as well as the intelligent design of 
molecules that have the desired properties. It is important do develop a synthetic method to 
created conjugated materials that doesn’t require harsh reaction conditions or expensive metal 
catalysts. Azomethine bonds are a good way to resolve this problem, since they are formed by 
a simple condensation between an amine and an aldehyde with water as the only by-product. 
They can also be synthetised with little to no purification steps and they are isoelectronic to 
vinyl bonds that are well-known and understood. It is also of crucial importance to understand 
clearly the effet of adding electron-donating and electron-withdrawing groups in the 
conjugated backbones of such materials. 
The main objective of this project is to better comprehend the effect of the added 3,4-
ethylenedioxythiophene (EDOT) electron-donnating group on the opto-electronic properties of 
azomthine triads for the incorporation of these materials in stable and efficient electrochromic 
devices. Therefore, the photophysical and electrochemical properties of these materials will be 
presented. A series of vinyl analogs will be synthesized to confirm their isoelectronic behavior 
to azomethines in an opto-electronic point of view. These new vinyl compounds lead to the 
synthesis of a new amino-thiophene derivative that will be used as a building block for on-
surface polymerization of azomethines. These polyazomethines will be incorporated in 
electrochromic devices and their performances will be discussed. Finally, since the 
azomethines are known not to be highly fluorescent, the fluorescence enhancement of push-
pull bithiophene systems will be presented. The knowledge obtained about fluorescence can 
be used to enhance the fluorescence quantum yields of azomtehines.This thesis will therefore 
explore diverse tuning of material’s properties to better understand how to cleverly design 
conjugated materials.    
Keywords : Chemistry, Synthesis, Azomethines, Conjugated Materials, Photophysics, 
Electrochemistry, Electrochromism, Fluorescence.  
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Introduction 
Les matériaux conjugués sont actuellement le point central de nombreux thèmes de 
recherche grâces à leurs propriétés intéressantes leur permettant d’être utilisés dans 
l’électronique plastique. Le premier exemple de polymères conjugués connu remonte à 1862 
lors de la découverte de l’aniline et de la poly(aniline) (PANI).1 Les propriétés conductrices de 
ces matériaux n’ont par contre pas été exploitées avant plusieurs années. Effectivement, il a 
fallu attendre les années 1960 pour voir la recherche sur la poly(aniline) prendre un peu 
d’envol avec des études sur la conductivité de ces matériaux lorsque couplés avec des 
métaux. 
2,3
 Puis, en 1978,  Heeger, McDiarmid et Shirakawa découvrent que le polyacétylène 
peut être dopé avec de l’iode afin de démontrer de bonnes propriétés conductrices.4 Ces trois 
chercheurs ont d’ailleurs obtenu un prix Nobel de chimie en 2000 pour cette découverte. 5-8  
Ce prix a été le catalyseur de la recherche active sur les matériaux conjugués. En effet, grâce à 
cette avancée, la recherche sur les matériaux organiques dans les dispositifs électroniques a 
connu un essor important, laissant penser qu’il serait un jour possible de remplacer les 
composés inorganiques en électronique.  
Les différents domaines de l’électronique plastique ont depuis été grandement étudiés. 
Les diodes organiques électroluminescentes (OLEDs), sont un bon exemple de l’évolution de 
la recherche sur les matériaux conducteurs. Le phénomène de luminescence dans des 
matériaux organiques a d’abord été découvert dans les années 1950 par André Bernanose.9 
Puis, le groupe de Martin Pope a exploré ces résultats afin de faire des dispositifs 
électroluminescents sur des cristaux d’anthracène.10 D’ailleurs, ce groupe a observé que 
l’électroluminescence est causée par la recombinaison des paires électrons-trous dans les 
matériaux.
11
 Cette découverte a permis à plusieurs groupes d’effectuer de la recherche accrue 
sur les polymères conducteurs. La première OLED fut reportée par le groupe de Ching Tang et 
Steven Van Slyke en 1987 
12
, qui ont utilisé pour la première fois une configuration en double-
couche; l’une composée d’un donneur d’électrons et l’autre d’un accepteur d’électrons. Les 
polymères organiques furent incorporés dans des OLEDs en 1990 par Richard Friend, qui 
fabriqua une OLED à partir de poly(p-phénylene vinylène) avec un excellent rendement.
13
 
Ceci ouvrit la porte à ce qui est appelé de nos jours « l’électronique plastique ».   
 2 
Les cellules solaires organiques (OPVs) sont une autre branche de l’électronique 
plastique et découlent aussi des recherches du groupe du Prof. Pope. Effectivement, suite à 
leur découverte sur les mécanismes de luminescence mentionnée précédemment, les 
chercheurs ont voulu élucider les phénomènes présents dans les matériaux conducteurs. Ainsi,  
en 1966, ils ont reporté la photogénération de porteurs de charges dans l’anthracène 14 et dans 
le téracène 
15
, démontrant le premier effet photovoltaïque observé sur des composés 
organiques. Cette découverte a évidemment permis la recherche sur les composés organiques 
photovoltaïques. La première OPV fonctionnelle fut reportée en 1982 par Weinberger et al. 
qui ont utilisé le polyacétylène comme matériel conducteur.
16
 L’efficacité de cette cellule 
solaire organique était faible, mais a ouvert les portes à l’amélioration et à l’optimisation des 
cellules. De nos jours, il est possible de fabriquer des OPV avec des efficacités de plus de 
12%. 
17
 
L’électronique plastique inclus aussi les transistors à effet de champ organiques 
(OFET). Les premiers OFETs ont été décrits par Koezuka et al. en 1987 et étaient constitués 
de polythiophènes.
18
 Depuis, beaucoup de travail a été effectué sur ces dispositifs et ils sont 
maintenant compétitifs avec les transistors inorganiques dans l’industrie.19 Ceci est 
principalement causé par la facilité de fabrication des transistors organiques par rapport à ceux 
en silicium qui sont le plus utilisés. 
Une autre branche moins étudiée de l’électronique plastique est l’électrochromisme. 
L’électrochromisme consiste en la capacité d’un matériau à changer de couleur lors de 
l’application d’un courant électrique. 20 Les matériaux conducteurs sont de bons candidats 
pour être inclus dans des dispositifs électrochromes. Le premier exemple de matériel 
électrochrome a été reporté en 1969 par Deb.
21
 Bien que le phénomène ait été observé sur un 
composé inorganique, le trioxyde de tungstène (WO3), ces travaux ont inspiré plusieurs 
groupes de recherche afin d’analyser les propriétés électrochromes de matériaux conjugués. 
Ainsi, l’électrochromisme des viologènes, 22 des polythiophènes, 23,24 des polypyrroles 25 et 
des polyanilines
26
 ont été le centre de recherches extensives. Plusieurs de ces dérivés sont 
actuellement utilisés dans des fenêtres intelligentes.  
 
 3 
D’autres types de dispositifs font aussi partie de la catégorie de l’électronique 
plastique. Les mémoires organiques 
27,28
, qui sont des dispositifs permettant de stocker de 
l’information, les batteries 29 , les supercapaciteurs 29 ainsi que, tout récemment, les transistors 
à effet de champ fluorescents 
30
 sont d’autres applications des matériaux conjugués. Il est 
possible de remarquer que cette catégorie de matériaux est d’une grande utilité pour les 
avancées technologiques et que les efforts mis par les chercheurs afin d’optimiser leurs 
propriétés sont énormes. Malheureusement, dans plusieurs cas, les dispositifs organiques n’ont 
toujours pas atteints les performances de leurs analogues inorganiques. Ceci motive donc 
l’intérêt de poursuivre la recherche sur ces matériaux intéressants.  
Les matériaux conjugués  
Les matériaux conjugués sont, par définition, des matériaux qui possèdent une grande 
délocalisation de leurs électrons  tout au long de leur chaîne principale. Cette délocalisation 
est causée par une alternance entre des simples et des doubles liaisons dans leur structure. Ils 
peuvent être inorganiques, organiques ou hybrides, c’est-à-dire un mélange entre des 
composés organiques et inorganiques. Ici, nous nous concentrerons sur la catégorie des 
matériaux conjugués organiques. 
L’intérêt de la recherche sur les matériaux organiques conjugués est soutenu par leurs 
diverses propriétés photophysiques et électrochimiques. Leur plus grande qualité est d’être des 
semi-conducteurs.
31
 Un semi-conducteur est un composé qui, lorsque dopé, présente une 
conductivité électrique intéressante. Ainsi, à l’état neutre, les matériaux conjugués ne sont pas 
conducteurs. Il faut leur injecter des charges par divers processus afin d'obtenir des matériaux 
qui seront conducteur d’électricité.  
Habituellement, cette classe de composés possède une faible largeur de bande interdite 
(Eg). La Eg consiste en la différence d’énergie entre le niveau électronique le plus bas vacant 
(LUMO, pour Lowest Unnocupied Molecular Orbital en anglais) et le plus haut niveau 
électronique occupé (HOMO, pour Highest Occupied Molecular Orbital en anglais).  Avoir 
une faible Eg donne la faculté d’absorber la lumière dans le domaine du visible, soit d’environ 
400 à 800 nm aux composés. Ceci est d’ailleurs la base de leur utilisation dans les cellules 
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photovoltaïques. Cette faible largeur de bande permet aussi une oxydation et une réduction qui 
requièrent peu d’énergie, rendant les matériaux idéaux pour les applications électroniques.  
Il existe plusieurs classes de matériaux conjugués organiques qui sont illustrés dans des 
exemples à la Figure 0-1. Les polymères polyéniques, qui sont des composés polymériques 
insaturés, comme le poly(acétylène),
4,6
 les polymères aromatiques, comme le poly(p-
phénylène vinylène), 
32
 les poly(fluorènes) 
33
 et la poly(aniline), 
34
 les polymères 
hétérocycliques, tels les poly(pyrroles) 
35
 et les poly(thiophènes) 
36
 et les polymères mixtes, 
tels les poly(carbazoles) 
37
 et les poly(dicétopyrrolopyrrole) 
38
. Chacun de ces matériaux 
possèdent des propriétés intéressantes qui en ont fait de bons candidats dans l’électronique 
plastique. D’ailleurs, chacun d’entre eux ont déjà fait leur preuve dans différents dispositifs. Il 
est à noter que des polymères sont présentés ici, mais qu’il existe aussi des dispositifs 
électroniques faits avec des petites molécules conjuguées qui sont fonctionnels.  
 
 
Figure 0-1. Exemples de différents types de polymères conjugués. 
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Les objectifs d’utiliser des molécules organiques en électronique en remplacement des 
composés inorganiques plus couramment utilisés sont de diminuer les coûts de production et 
de faciliter la préparation des dispositifs. Ce dernier point est d’ailleurs crucial pour la 
recherche dans le domaine des polymères conjugués. Lors de la fabrication de cellules solaires 
à base de silicium, il faut purifier ce dernier de façon extensive et faire cristalliser le silicium 
sur une surface de verre de façon homogène pour obtenir une cellule solaire qui possède un 
bon rendement.
39
 Ce processus est long, coûteux, et nécessite des appareils sophistiqués et 
dispendieux qui doivent être bien entretenus. Les matériaux conjugués, quant à eux, peuvent 
être conçus dans le but d’être solubles dans des solvants organiques communs. Cela se fait 
habituellement en ajoutant de longues chaînes alkyles à leur structure comme substituants. Ces 
chaînes qui, selon leur disposition, auront peu d’influence sur les propriétés opto-électroniques 
des composés, permettront à ceux-ci d’être traités facilement. Ainsi, les polymères conjugués 
intelligemment imaginés peuvent être facilement déposés sur des surface de verre par spin-
coating (ou méthode de la tournette en français), spray-coating (ou méthode de déposition en 
spray), dip-coating (ou trempage) et par impression à l’aide d’une imprimante à jet 
d’encre.40,41 Ceci est très avantageux puisque cela permet de fabriquer des dispositifs 
électroniques à grande échelle, et ce, très rapidement.  
Un autre avantage de l’utilisation de composés organiques dans les dispositifs est qu’il 
est possible de modifier leurs propriétés opto-électroniques en incorporant différents 
groupements et substituants dans la molécule. La modulation des propriétés est facilement 
réalisable, spécialement avec le poly(thiophène), mais est peu possible avec certains 
polymères, dont la poly(aniline) sans détruire son statut de semi-conducteur.  
La possibilité de pouvoir ou non moduler les propriétés des matériaux est intimement 
liée à leur méthode de synthèse. Effectivement, il est possible que les monomères utilisés pour 
la polymérisation ne puissent pas être facilement fonctionnalisés. Aussi, la méthode de 
polymérisation peut avoir une influence sur la possibilité d’obtenir des matériaux avec les 
propriétés désirées. Les techniques de synthèse majoritairement utilisées pour la 
polymérisation sont celles par addition, par condensation ou par oxydation. La méthode 
utilisée est déterminée par la réactivité du monomère choisi.  
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Modulation de la bande interdite.  
Les propriétés opto-électroniques sont intimement liées à la valeur de la Eg des 
matériaux. Comme on veut des Eg d’énergies assez faibles, il est possible d’utiliser plusieurs 
stratégies pour obtenir des matériaux avec les propriétés voulues. Habituellement, il est 
intéressant d’ajouter des chaînes alkyles afin de favoriser la solubilité des composés. 42,43 Il est 
aussi possible d’ajouter des groupements électro-donneurs (D) ou électro-accepteurs (A) afin 
de moduler les propriétés opto-électroniques du monomère et, par conséquent des polymères 
résultants. Les matériaux de type donneurs-accepteurs (D/A) sont grandement utilisés dans le 
but d’obtenir des composés pour l’électronique plastique. 
Un groupement est dit électro-donneur lorsqu’il est riche en électron. Cela signifie que 
son niveau de la HOMO est à une énergie plus élevée qu’un composé analogue non riche en 
électron. Lorsque le groupement D est incorporé dans un matériau, l’effet net observé est une 
augmentation de l’énergie totale de la HOMO du composé lors de la recombinaison des 
orbitales moléculaires. Par conséquent, l’ajout d’un groupement électro-accepteur aura l’effet 
inverse. Effectivement, un composé pauvre en électron possède une LUMO de plus faible 
énergie qu’un composé analogue. Ainsi, si l’on fabrique un matériau possédant un groupement 
A, l’effet observé est une diminution de l’énergie de la LUMO. Lorsqu’un composé D/A est 
synthétisé, les deux effets seront observés, ce qui mène à la création d’une molécule ayant un 
Eg de faible énergie, comme illustré au schéma de la Figure 0-2. Évidemment, il est possible 
de moduler la Eg en utilisant des composés qui sont uniquement donneurs ou uniquement 
accepteurs et en choisissant intelligemment les blocs utilisés pour la synthèse. Grâce à cette 
stratégie, il est possible d’obtenir des matériaux conjugués qui couvrent complètement le 
domaine du visible quant à leur absorbance.
44-46
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Figure 0-2. Représentation schématique de l’effet des groupements donneurs et accepteurs sur 
la bande interdite. 
 
L’utilisation de la stratégie D/A mène à la synthèse de copolymères possédant des 
unités de départ donneur et accepteur, souvent reliées par un séparateur , tels les unités de 
thiophènes. Dans ce type de polymère, il y a présence de transfert de charge intramoléculaire 
entre la molécule riche en électron et celle déficiente en électron. Cela a pour effet de rendre la 
bande d’absorption plus large, ce qui augmente leur utilité dans les dispositifs 
photovoltaïques. 
47-49
 L’utilisation du séparateur  sert à diminuer l’encombrement stérique 
entre les unités. Ceci est d’importance puisque les matériaux conducteurs doivent avoir un 
long parcours ininterrompu de délocalisation de leurs électrons . Or, s’il y a encombrement 
stérique, une rotation des liens peu avoir lieu et cela crée des structures non planaires qui 
discontinuent la conjugaison. Il est donc crucial de prendre en considération les effets stériques 
qui pourraient causer une distorsion de la planéité lorsqu’on pense à la synthèse d’une 
nouvelle molécule. 
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 Une autre technique pour moduler la largeur de la bande interdite est d’augmenter le 
niveau de délocalisation des électrons  en augmentant la conjugaison de la molécule. Pour ce 
faire, il est important d’incorporer des éléments conjugués, tels des cycles aromatiques, des 
hétérocycles et des liaisons doubles carbone-carbone dans le squelette du matériau. 
Évidemment, une succession de ces divers éléments crée une plus grande délocalisation des 
électrons dans le système, menant à des énergies de bande interdite plus faibles. Il est possible, 
avec des petites molécules, d’obtenir une variation de Eg en modifiant le nombre d’unités dans 
le matériau. Les polymères sont un choix intéressant puisque leur grande masse molaire 
permet d’obtenir des unités centrales longues et hautement conjuguées.  
 
Synthèse des matériaux conjugués.  
Comme mentionné précédemment, il existe une panoplie de modes de synthèses 
différents pour faire des matériaux conjugués. Plusieurs d’entre eux nécessitent l’utilisation de 
catalyseurs dispendieux et des conditions de synthèse rigoureuses, telles des atmosphères 
anhydres et sans oxygène.  La synthèse implique la formation, soit de liens simples carbone-
carbone, soit de liaisons doubles afin d’obtenir des composés vinyliques, soit de liaisons 
triples carbone-carbone ou de liaisons impliquant des hétéroatomes.  
La synthèse de liens simples carbone-carbone entre des unités aromatiques s’effectue 
habituellement avec des méthodes de couplage standard. Ainsi, la synthèse de Suzuki, 
50,51
  la 
synthèse de Stille, 
52
 la synthèse de Ziegler-Natta 
53
 et la métathèse de Grignard (GRIM) 
54
 
sont couramment utilisées. Ces méthodes possèdent chacune des avantages et des 
inconvénients, l’un d’entre eux étant la quantité de sous-produits formés qu’il faut purifier 
après la synthèse. Par contre, la polymérisation GRIM, par exemple, permet de bien contrôler 
la régiorégularité des polythiophènes monosubstitués, comme le poly(3-hexylthiophène) 
(P3HT), ce qui est un grand avantage synthétique.
55
 Néanmoins, ces techniques mènent à des 
défauts dans les polymères et à des problèmes de reproductibilité des masses molaires 
obtenues à cause du manque de contrôle sur les paramètres de la synthèse.  
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Une autre manière de créer des liens carbone-carbone est en utilisant la polymérisation 
par oxydation. Ceci n’est malheureusement pas possible pour tous les monomères, mais s’est 
avérée efficace pour certains composés, notamment les dérivés du thiophène et la 
poly(aniline). Il existe deux manières de faire la polymérisation par oxydation : chimique et 
électrochimique. Lors de la polymérisation chimique, une certaine quantité de FeCl3 est 
ajoutée afin d’oxyder le monomère et de faire la polymérisation par étape.56 La polymérisation 
électrochimique s’effectue à l’aide d’une cellule galvanique. On incorpore le monomère dans 
une solution contenant un électrolyte de support et on applique un courant anodique pour 
oxyder le produit de départ. La réaction se fait alors par propagation du radical formé. Un 
exemple de polymérisation électrochimique est représenté à la Figure 0-3 pour le thiophène. Il 
est à noter qu’il est aussi possible de faire de la polymérisation cathodique en appliquant un 
courant pour réduire le produit de départ.  
 
 
Figure 0-3. Mécanisme de polymérisation anodique du poly(thiophène). 
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L’un des problèmes fréquemment rencontré lors de la polymérisation anodique des 
hétérocycles est la présence de défauts dans les polymères. Comme le radical cation peut être 
facilement délocalisé, il est possible d’obtenir des couplages des hétérocycles qui n’ont pas 
uniquement lieu à la position 2 ou 5, mais aussi en 3 ou 4. Ces défauts sont nommés couplages 
- ou couplages - et ils sont illustrés à la Figure 0-4. Une bonne façon d’éviter ces défauts 
est d’incorporer des substituants en position 3 et 4 des hétérocycles. Un autre problème est lié 
à l’insolubilité des polymères produits. Par contre, cela peut aussi être considéré comme un 
avantage tout dépendant de l’utilité prévue des dits polymères. Ainsi, plusieurs groupes de 
recherche utilisent l’électropolymérisation comme un moyen simple et efficace de modifier 
des électrodes 
57,58
 ou pour obtenir des surfaces homogènes de polymères rapidement dans le 
but de les incorporer à des dispositifs. 
59,60
 
 
 
Figure 0-4. Illustration des couplages - et - possibles lors de l’électropolymérisation. 
 
Propriétés opto-électroniques des matériaux conjugués. 
Afin de pouvoir être utilisés dans des dispositifs, les matériaux conjugués se doivent 
d’avoir certaines propriétés opto-électroniques intéressantes. En général, les propriétés qui 
sont recherchées sont : une absorbance de la lumière dans le spectre du visible, une faible 
bande interdite, incluant des niveaux HOMO et LUMO qui permettent leur incorporation dans 
les dispositifs, et leur fluorescence. Plusieurs techniques expérimentales permettent d’obtenir 
des informations concrètes sur les propriétés recherchées des matériaux. 
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Propriétés photophysiques. 
La longueur d’onde d’absorbance d’un composé est directement liée avec la grandeur 
de sa Eg. Effectivement, une molécule va absorber les photons qui vont lui permettre de 
promouvoir un électron de la HOMO à la LUMO. Ces photons auront une certaine énergie qui 
est reliée à la longueur d’onde selon l’Équation 1 : 
  
  
 
 
Équation 1 
Où   est la constante de Plank en eV/s,   est la vitesse de la lumière en m/s et  est la 
longueur d’onde d’absorbance du composé. Ainsi, plus le matériau absorbe dans les longueurs 
d’onde élevées, plus l’énergie de sa bande interdite est faible. Expérimentalement, on calcule 
le Eg spectroscopique en prenant la longueur d’onde la plus élevée à laquelle la molécule 
analysée commence à absorber. Ceci est considéré représentatif puisqu’à cette longueur 
d’onde on suppose que la transition électronique qui se produit a lieu du niveau vibrationnel le 
plus élevé de l’état fondamental S0 au niveau vibrationnel le plus faible de l’état excité S1, ce 
qui correspond à l’énergie la plus faible requise pour qu’une transition ait lieu.  
Lorsque le photon est promu à l’état excité, celui-ci peut se relaxer à l’état fondamental 
selon divers processus qui sont illustrés sur le diagramme de Jablonski 
61,62
 simplifié qui 
néglige les états vibrationnels comme le démontre la Figure 0-5. 
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Figure 0-5. Diagramme de Jablonski simplifié illustrant les divers modes de désactivation de 
l’état excité d’une molécule. Les lignes pleines décrivent les processus radiatifs, alors que les 
lignes pointillées décrivent les processus non-radiatifs.  
 
Les processus de désactivation peuvent être soit radiatifs soit non-radiatifs. Lorsque 
l’électron retourne directement à l’état fondamental en émettant un photon, le phénomène est 
nommé fluorescence. La fluorescence peut être quantifiée selon le fl, nommé rendement 
quantique de fluorescence. Le rendement quantique est considéré comme le rapport du nombre 
de photons absorbés par la molécule sur le nombre de photons émis. Ainsi, un fl de 1 signifie 
que la totalité des photons sont réémis. Or, la fluorescence entre en compétition avec d’autres 
modes de désactivation. La conversion interne (CI) est le retour de l’électron de l’état excité 
S1 ou S2  à l’état inférieur sans émission de lumière. Dans ce cas, l’énergie est dissipée par 
d’autres moyens, tels par dégagement de chaleur ou par mouvements de la molécule. Un autre 
phénomène possible est le croisement intersystème (CIS), qui consiste à la transition de 
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l’électron de l’état singulet excité à un état triplet, c’est-à-dire un état où il y a une inversion 
du spin. Ce processus non-radiatif peut mener à deux différents modes de désactivation. Tout 
d’abord, il peut y avoir encore une fois conversion interne, donc désactivation non-radiative. 
Si la relaxation de l’état triplet à l’état singulet est accompagnée de l’émission d’un photon, 
nous sommes alors en présence de phosphorescence. La phosphorescence se distingue 
facilement de la fluorescence par son plus long temps de vie de l’état excité puisque 
l’inversion de spin lors du CIS nécessite une plus longue période de temps. Idéalement, il 
serait possible d’assigner les différents modes de désactivation à des rendements quantiques 
afin d’identifier la manière dont se dissipe l’énergie selon l’Équation 2 : 
 
                         
Équation 2 
 
Où fl est le rendement quantique de fluorescence, tr est le rendement quantique de 
l’état triplet, nr est la quantité d’énergie qui se dissipe par des processus non-radiatifs et autre 
représente la quantité d’énergie dissipée par d’autres processus. Chacun de ces processus peut 
être identifié expérimentalement.  
Chaque processus radiatif possède un temps de vie () qui représente le temps 
nécessaire à la relaxation de l’espèce excitée vers son état fondamental. Le  est mesurable en 
mesurant l’intensité du processus par rapport au temps, afin d’obtenir la cinétique. Connaître 
le temps de vie du phénomène permet d’aider à assigner le processus, puisqu’un temps de vie 
plus long correspond à de la phosphorescence.   
Afin de mesurer le fl, il est d’importance de pouvoir quantifier la quantité de lumière 
absorbée par l’échantillon. Plusieurs techniques pour le faire existent, mais celle qui a été 
utilisée dans cette thèse est l’utilisation d’une sphère d’intégration. Cette sphère permet de 
renvoyer toute la lumière présente à l’intérieur vers le détecteur du fluorimètre utilisé. Ceci a 
comme avantage de donner le rendement quantique de fluorescence absolu contrairement à ce 
que permet l’autre méthode la plus couramment utilisée : l’actinométrie relative. 
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Le tr est plus difficile à mesurer et ne se fait par à partir de l’utilisation d’un 
fluorimètre, mais à l’aide de la photolyse à impulsion laser (LFP pour laser flash photolysis en 
anglais.) Cette technique permet de visualiser les transients produits suite à une impulse de 
laser très intense de courte durée (~7 ns).  Les transients détectés doivent ensuite être identifiés 
puisqu’ils peuvent représenter différentes espèces, tels des états triplets ou des radicaux. Pour 
ce faire, on désactive ce nouvel état excité à l’aide de désactivants connus pour avoir des 
transferts de charges avec les différents transients possibles. Si la désactivation s’effectue avec 
un coefficient plus rapide que le contrôle par diffusion, l’espèce est désactivée et peut donc 
être identifiée. Lorsqu’un état triplet est observé, la transition qui est détectée par le LFP est 
celle de l’état T1 à l’état T2 tel qu’illustré à la Figure 0-5. Il est par la suite possible de mesurer 
le rendement quantique de l’état triplet grâce à une technique d’actinométrie relative. 63 
Lorsque le fl et le tr sont connus, il est possible d’assumer que le nr est équivalent 
au reste de l’énergie dissipée. Il est possible d’obtenir plus d’information sur les processus 
non-radiatifs en effectuant de la fluorescence à basse température. Lorsque cela est fait, les 
rotations de liens et les vibrations dans les molécules sont supprimées, ce qui permet de savoir 
si ces phénomènes sont responsables de la désactivation de la fluorescence. Il est aussi 
possible de désactiver les molécules avec des composés divers afin d’observer l’influence des 
groupements présents sur celle-ci sur leur fluorescence.  
Les processus de désactivation de la fluorescence se mesurent en effectuant une courbe 
de Stern-Volmer. Pour se faire, on ajoute une quantité connue de désactivant (Q, pour 
quencher en anglais) et l’on mesure le changement dans l’aire sous la courbe du spectre de 
fluorescence obtenu. Il est ensuite possible de tracer la courbe de l’aire sous la courbe de la 
fluorescence sans désactivant (I0) par rapport à l’aire sous la courbe de la fluorescence avec 
désactivant (I) versus la concentration de Q, comme le démontre l’Équation 3. 
 
  
 
           
Équation 3 
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 Le KSV représente la constante de Stern-Volmer et peut être décrite selon 
l’Équation 4 où  est le temps de vie de l’état excité et kq est la constante de désactivation.  
Plus kq est faible, plus la désactivation est efficace.  
 
         
Équation 4 
 
Il existe deux types de désactivation, la désactivation dynamique et la désactivation 
statique. La désactivation dynamique s’effectue lorsque Q se diffuse dans l’échantillon et entre 
en contact avec le fluorophore par collision, créant une désactivation par transfert de charge 
intermoléculaire. La diffusion statique à lieu, quant à elle, lorsque le désactivant s’associe avec 
le fluorophore avant la désactivation. Le fluorophore n’émet plus à cause de modifications 
dans sa structure même. Afin de différencier ces deux phénomènes, des courbes de Stern-
Volmer peuvent être faites en mesurant les changements dans les temps de vie de fluorescence 
par rapport à la concentration du Q. Le fait que le temps de vie donne une indication sur le 
mode de désactivation est dicté par ces différents mécanismes. En effet, lors de la 
désactivation dynamique, toutes les molécules entrent en contact avec Q par effet de 
probabilité. Ainsi, les fluorophores émettent moins et leur temps de vie va diminuer de la 
même manière. Dans le cas du quenching statique, les molécules ne sont pas toutes associées 
en solution. Le résultat global est que les fluorophores encore actifs conservent le même temps 
de vie de fluorescence et, comme celui-ci n’est pas fonction de la concentration, un temps de 
vie constant devrait être observé lors de la désactivation statique. Il est important de pouvoir 
différencier ces deux phénomènes lors de l’attribution des processus de désactivations 
possibles de la fluorescence afin de mieux comprendre les comportements des molécules en 
solution. 
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Lors de la mesure des propriétés photophysiques en solutions, le solvant utilisé peut 
avoir une influence sur les niveaux énergétiques, et, par conséquent, sur les longueurs d’onde 
d’absorbance et d’émission observées. Ces effets sont nommés solvatochromisme. Le 
solvatochromisme est observé lorsque soit l’absorbance ou l’émission d’un composé donné 
peut être modifié en fonction de la polarité du solvant utilisé. Ceci a lieu lorsque les molécules 
possèdent des moments dipolaires importants. Ainsi, une molécule hautement polaire sera 
stabilisée par un solvant polaire et les niveaux énergétiques HOMO et LUMO seront 
rapprochés, menant à un solvatochromisme positif, c’est-à-dire avec un déplacement de 
l’absorbance ou de l’émission vers les plus hautes longueurs d’onde. Le phénomène inverse 
est aussi observé. Le phénomène peut aussi être observé uniquement au niveau de la 
fluorescence lorsque l’état excité est plus polaire que l’état fondamental.  
Le solvatochromisme peut être quantifié en mesurant le déplacement de Stokes, qui 
consiste en la différence entre la longueur d’onde maximale d’émission et d’absorption en   
cm
-1 
(St) et en traçant un graphique de ce déplacement par rapport à la polarisabilité du 
solvant f, selon l’Équation 5. Ce graphique se nomme courbe de Lippert-Mataga.  
 
     
       
    
       
            
Équation 5 
 Où   est la densité du solvant,   est le nombre d’Avogadro,   est la constante 
de Plank,   est la vitesse de la lumière, m est la masse molaire du solvant et    et    sont les 
moments dipolaires à l’état fondamental et à l’état excité respectivement.    est quant à lui 
décrit par l’indice de réfraction   du solvant ainsi que sa constante diélectrique   selon 
l’Équation 6.  
    
   
    
 
    
     
 
Équation 6 
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Si le graphique obtenu est une droite affine, cela signifie que les interactions solvant-
analyte sont uniquement de nature dipolaire. Par contre, s’il y a des transferts de charges 
intermoléculaires entre les molécules et le solvant ou des ponts hydrogènes, cela n’est pas 
représentatif et il faut utiliser une autre échelle de quantification de la polarité. L’échelle de 
Reichardt-Dimroth permet de tracer le paramètre de Reichardt nommé Et(30) qui est un indice 
de polarité des solvants qui prend en considération les différentes interactions molécule-
solvant possibles. Ainsi, lors de l’analyse du solvatochromisme d’un composé, il est important 
de pouvoir déterminer les types d’interactions présentes entre les molécules.  
 
Propriétés électrochimiques.  
Les niveaux d’énergie HOMO et LUMO peuvent être déterminés à l’aide des potentiels 
d’oxydation et de réduction des molécules. Effectivement, lorsqu’une molécule est oxydée, de 
l’énergie lui est fournie afin d’enlever un électron de son état occupé de plus haute énergie. 
Ainsi, le potentiel d’oxydation est directement lié à la HOMO de la molécule. Le même 
raisonnement s’effectue pour la LUMO, soit que la réduction consiste en la quantité d’énergie 
nécessaire afin d’incorporer un électron dans l’orbitale moléculaire inoccupée de plus faible 
énergie de la molécule. Les potentiels d’oxydation et de réduction peuvent être déterminés 
grâce à la voltampérométrie cyclique (VC). 
Le principe de base de la VC est qu’il faut faire varier le potentiel entre une électrode 
de travail et une électrode de référence en mesurant le courant qui circule entre l’électrode de 
travail et une électrode auxiliaire. En plus des énergies HOMO et LUMO, cette technique 
permet d’obtenir des informations cruciales sur la réversibilité des processus. Dans l’optique 
d’utiliser les matériaux dans des dispositifs électroniques qui auront plusieurs usages, il est 
d’importance que soit l’oxydation ou la réduction des composés soit un processus réversible, 
c’est-à-dire qu’il permet d’injecter et de décharger facilement le matériau. Lorsqu’une 
molécule est utilisée dans un dispositif nécessitant son oxydation, la nomenclature indique que 
ce dernier est dopé p, alors que lorsque le composé est réduit, il est dopé n.  
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La réversibilité de l’oxydation ou de la réduction d’un composé peut être déterminée 
facilement. Le premier indice de la réversibilité d’un processus électrochimique est la présence 
d’un pic de retour sur le voltampérogramme obtenu. Si l’intensité du courant mesurée de ce 
pic de retour est égale à celle mesurée lors du pic d’aller, il est alors possible d’assigner le 
processus comme étant réversible.  
L’irréversibilité d’un processus électrochimique peut être causée par différents 
facteurs. Il est d’abord possible d’assister à une décomposition de l’espèce analysée, qui ne 
supporte pas les cycles de charge et de décharge imposés. Il est aussi probable que l’espèce, 
une fois oxydée ou réduite, subisse une réaction chimique ou électrochimique. 
L’électropolymérisation, tel que discuté précédemment, en est un bon exemple. Lorsqu’on 
effectue ce genre de réaction, il est possible de suivre l’évolution de la polymérisation par 
voltampérométrie cyclique. Il suffit d’effectuer plusieurs cycles de balayages de potentiel 
consécutifs afin d’observer l’apparition d’un nouveau pic d’oxydation ou de réduction qui 
augmente avec le nombre de balayages. Ce pic est représentatif de la nouvelle molécule créée 
en solution. Celle-ci peut alors être analysée par électrochimie à son tour.  
 
Les dispositifs électroniques.  
Comme mentionné précédemment, la recherche sur les matériaux conjugués a pour but 
de les incorporer dans différents dispositifs électroniques afin de remplacer les composés 
inorganiques habituellement utilisés. Le fonctionnement des dispositifs électrochromiques, qui 
sont au centre de cette thèse sera résumé dans les prochaines pages.  
  
Les dispositifs électrochromiques.  
Les dispositifs électrochromiques sont le type de dispositif le plus simple de fabrication 
lorsqu’on compare avec d’autres types de dispositifs tels les OPVs ou les OLEDs. Les 
matériaux ayant des propriétés électrochromes sont ceux qui démontrent un changement en 
absorbance, en réflexion ou en transmission de la lumière lorsqu’une oxydation ou une 
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réduction leur est appliquée. L’effet électrochrome est réversible et le changement de couleur 
peut avoir lieu entre plusieurs états, soit de coloré à transmissif ou d’une couleur à une autre. 
Tous les matériaux conjugués sont potentiellement électrochromes grâce à leur transition -*, 
qui caractérise la bande interdite des matériaux. Le principe de l’électrochromisme est décrit 
de façon schématique dans la Figure 0-6. 
 
Figure 0-6. Schéma représentatif des orbitales électroniques en fonction de l’oxydation dans 
un matériau conjugué. 
 L’exemple ci-dessus représente ce qui se passe lorsqu’un potentiel oxydatif est 
appliqué à un matériau conjugué. À l’état neutre, avant l’application du courant, la couleur 
observée du matériau est décrite par sa bande interdite (Eg) selon les principes expliqués 
précédemment. Lorsqu’un potentiel positif est appliqué, un électron sera enlevé de la HOMO, 
créant ainsi un radical cation, aussi appelé polaron. Ce polaron permet la réorganisation de la 
molécule vers une structure plus stable, qui est souvent une forme de style quinoïde lorsqu’il 
s’agit d’hétérocycles tels que le thiophène. Cette nouvelle structure étant plus faible en 
énergie, les niveaux énergétiques des orbitales HOMO et LUMO changent alors permettant 
d’avoir un état polaronique partiellement occupé. Ainsi, la transition -* nécessite moins 
d’énergie pour qu’elle puisse se produire. Cela se traduit par un déplacement de l’absorbance 
du composé vers les plus hautes longueurs d’ondes, aussi appelé déplacement bathochromique 
ou red-shift. Lorsqu’un plus haut potentiel est appliqué, il est possible de créer un dication qui 
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engendrera un bipolaron. L’état bipolaronique étant inoccupé, les transitions électroniques ne 
peuvent alors se passer qu’à partir de la HOMO du matériau jusqu’à la première orbitale du 
bipolaron. Encore une fois, cela se traduit par une transition de plus faible énergie et donc par 
un déplacement bathochromique dans le spectre d’absorbance du composé.  
 Les états polaroniques et bipolaroniques sont habituellement réversibles. Cela 
signifie que lorsqu’on réinjecte des électrons dans le milieu, il est possible de régénérer la 
forme neutre du matériau et donc sa couleur originale. La réversibilité est un facteur 
d’importance pour les dispositifs électrochromiques, puisqu’il est impératif de pouvoir 
effectuer les changements de couleurs à plusieurs reprises pour des questions de rentabilité.  
 Un schéma d’un dispositif électrochrome est représenté à la Figure 0-7. Ici, le 
dispositif est composé de deux électrodes d’oxyde d’indium et d’étain (ITO, pour indium tin 
oxyde en anglais), une qui agit en tant qu’anode et l’autre qui agit en tant que cathode. L’ITO 
est utilisée grâce au fait qu’elle est hautement transparente dans la région du visible, 
permettant une meilleure visibilité des changements de couleur observés. Le composé 
électrochrome est déposé directement sur l’anode et un électrolyte est ajouté afin de favorisé le 
transport des ions. Différentes techniques de déposition peuvent être utilisées afin d’incorporer 
le matériau dans le dispositif. L’utilisation du spin-coating ou du spray-coating est préconisé 
afin d’obtenir une surface homogène et lisse de matériau. Souvent, l’électrolyte peut être 
composé d’un gel ou d’un liquide ionique. Il se doit d’être hautement transmissif afin de 
permettre de voir clairement les changements de couleurs. Le composé accepteur d’ions est 
aussi un polymère. Il doit être aussi hautement transparent. Un composé souvent utilisé est un 
polymère dérivé du pyrrole ou un polymère fait à partir du TEMPO  ((2,2,6,6-
tétraméthylpipéridin-1-yl)oxyle).
64,65
 Il est possible de fabriquer des dispositifs 
électrochromiques sans l’accepteur d’ions, au dépend de la stabilité et de la coloration du 
dispositif. 
66
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Figure 0-7. Schéma représentatif de l’architecture d’un dispositif électrochromique. 
 
 La caractérisation de dispositifs électrochromiques s’effectue de différentes 
façons. Premièrement, la spectroélectrochimie du dispositif est effectuée. Cela consiste en la 
mesure de l’absorbance par rapport au potentiel appliqué. Lorsque cette mesure est faite, il est 
possible d’observer la disparition du pic d’absorbance correspondant à l’espèce neutre en 
faveur de l’apparition du pic d’absorbance correspondant au radical cation ou au dication 
formé, comme le montre la Figure 0-8 a). La présence d’un point isosbestique (PI) dans le 
spectre UV-visible permet d’affirmer la présence de seulement deux différentes espèces, l’une 
neutre, l’autre oxydée. Par la suite, la rapidité de coloration peut être mesurée en regardant le 
changement dans la transmittance du composé à la longueur d’onde du transient créé par 
rapport à la vitesse d’application du courant. Pour ce faire, on applique en alternance un 
courant oxydatif, puis un courant réducteur à différentes vitesses afin de mesurer le 
changement, comme il est illustré à la Figure 0-8 b). Cette mesure peut aussi être faite afin de 
vérifier la stabilité du dispositif. Effectivement, il est possible d’effectuer plus d’une centaine 
de cycles charge/décharge et de calculer le pourcentage de décoloration du composé selon s’il 
retourne ou non à sa couleur originale après plusieurs expositions au stress.  
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Figure 0-8. a) Schéma représentatif d’un spectre d’électrochromisme d’un dispositif, illustrant 
la disparition de l’espèce neutre au profit de l’espère oxydée. b) Schéma représentatif du 
pourcentage de transmittance de l’espèce oxydée d’un matériau électrochrome lors de 
plusieurs cycles charges/décharges 
 
 Une autre manière de caractériser les dispositifs électrochromiques est de 
calculer l’efficacité de coloration (c) du matériau. Cette efficacité peut être décrite par 
l’Équation 7 67 : 
   
   
  
 
     
  
  
 
  
  
Équation 7 
  
 Où     est le changement dans l’absorbance,    est la densité de courant,    
est la transmittance du composé à l’état excité et    est la transmittance du composé à l’état 
neutre. Ainsi, l’efficacité de coloration correspond à la quantité de charge requise pour 
produire un changement optique dans le milieu. Cette valeur est disponible grâce à la mesure 
de la transmittance en fonction du temps. Plus l’efficacité de coloration est élevée, plus le 
dispositif est bon.  
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Finalement, les coordonnées de la commission internationale de l’éclairage (CIE) sont 
calculées afin de pouvoir décrire précisément la couleur de l’absorbance obtenue par le 
matériau conjugué à la fois à l’état neutre et à l’état oxydé ou réduit. Les coordonnées CIE 
sont un système universel de caractérisation des couleurs. Effectivement, les coordonnées 
permettent d’obtenir précisément la couleur qui doit être vue par l’œil humain. Il existe 
plusieurs manières de reporter les coordonnées CIE, toutes basées sur des bases semblables de 
fonctions colorimétriques servant à représenter le système rouge-vert-bleu. Dans le cas des 
dispositifs électrochromiques, les coordonnées CIE de type L*a*b* sont particulièrement 
utilisées. Dans ce système, la composante a* permet de savoir si la couleur se situe dans le vert 
(valeurs négatives) ou dans le rouge (valeurs positives et la composante b* permet de savoir si 
la couleur se situe dans le bleu (valeurs négatives) ou dans le jaune (valeurs positives). La 
composante L* donne des informations sur la clarté de la couleur, allant de 0 qui représente le 
noir jusqu’à 100 qui représente le blanc. Les relations entre les coordonnées a*, b* et L* ne 
sont pas linéaires afin de représenter la réponse logarithmique de l’œil. Ces propriétés sont 
importantes à savoir lors de la caractérisation de dispositifs électrochromes, puisque différents 
changements de couleurs de peuvent avoir différentes applications. Par exemple, un dispositif 
qui passe de teinté à transmissif peut être utilisé dans les fenêtres intelligentes tandis qu’un 
dispositif ayant un changement de couleur de vert à brun peut être utilisé pour des fonctions de 
camouflage. Aussi, il est possible de combiner des dispositifs rouge, vertes et bleus afin 
d’obtenir un écran qui permet d’afficher toutes les couleurs selon la dispersion des pixels.  
 
Problématique et objectifs.  
Comme mentionné précédemment, la synthèse des matériaux conjugués est un défi 
pour la communauté scientifique à cause de problèmes de purification et de reproductibilité. Il 
est donc d’une grande importance de pouvoir trouver un mode de synthèse pratique, qui peut 
être faite à grande échelle et qui nécessite peu ou pas de purifications afin d’améliorer la 
facilité d’accès à des matériaux fonctionnels pouvant être incorporés dans divers dispositifs en 
électronique plastique. Une façon simple de pallier à ce problème est d’utiliser des liens 
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azométhines (-C=N-) au lieu de lien carbone-carbone simples ou doubles, plus souvent 
employés. L’avantage majeur d’utiliser des liens azométhines par rapport aux liens C=C vient 
directement de leur mode de synthèse. Effectivement, la synthèse des azométhines est une 
simple condensation entre une amine et un aldéhyde lorsque catalysé par un acide de Lewis 
comme illustré à la Figure 0-9. Cette synthèse est avantageuse puisqu’elle ne libère que de 
l’eau comme sous-produits. De plus, la purification des azométhines peut s’effectuer par 
précipitation du produit dans un solvant hygroscopique. Une revue discutant de la synthèse des 
azométhines et de leurs propriétés opto-électroniques est d’ailleurs présentée au  Chapitre 1 de 
cette thèse. 
R1 NH2 + OHC R2 R1
N R2 + H2O
H+
 
Figure 0-9. Schéma réactionnel de la synthèse globale des liens azométhines. 
Un autre avantage de l’utilisation des liens azométhines est qu’ils donnent des 
composés hautement coplanaires, 
68-71
 ce qui est une propriété cruciale pour favoriser la 
délocalisation des électrons dans le squelette de la molécule. Aussi, les azométhines sont 
connus pour être isoélectroniques aux liens vinyliques.
72
 Cela signifie que ces deux liens 
devraient conférer les mêmes propriétés physico-chimiques à des composés analogues. Cette 
comparaison a d’ailleurs été analysée pour les propriétés thermiques de composés semblables, 
mais jamais auparavant pour les propriétés photophysiques de ceux-ci. 
Les azométhines sont très peu utilisées pour la synthèse de matériaux fonctionnels, car 
elles ont la réputation de ne pas être stables à la présence d’un milieu légèrement acide. Il a été 
démontré par le groupe Skene qu’il est possible de synthétiser des matériaux contenant des 
azométhines et de les exposer à des conditions difficiles sans qu’il n’y ait de 
décomposition.
73,74
  Il est donc d’importance de s’assurer que les matériaux synthétisés soient 
stables.  
Beaucoup de recherche a été faite dans le groupe Skene à propos des effets des 
groupements donneurs et accepteurs sur les propriétés des azométhines en tant que matériaux 
conjugués. Des composés possédant divers groupements électro-donneurs et électro-attracteurs 
ont été synthétisés afin de mieux comprendre l’effet de ces groupements sur les propriétés des 
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molécules. Les stratégies choisies ont été d’utiliser des thiophènes portant des groupements 
D/A 
75
 ainsi que divers hétérocycles 
76-78
  pour la synthèse des molécules. Un type de 
groupement qui n’avait pas encore été investigué était les 3,4-éthylènedioxy thiophènes 
(EDOT).  L’EDOT est un dérivé du thiophène riche en électrons grâce à ses substituants 
oxygénés. Les avantages d’utiliser l’EDOT par rapport au thiophène comme unité de 
constructions dans les matériaux est qu’il possède des groupements protecteurs en position 3 et 
4 du thiophène, permettant d’éliminer les défauts lors de l’électropolymérisation.79 De plus, le 
polymère issu de l’EDOT, le PEDOT, est grandement connu pour ses propriétés 
électrochromiques et conductrices intéressantes.
80
 Ainsi, en ajoutant un groupement EDOT sur 
les composés azométhines, il serait possible d’avoir les avantages de cette unité tout en offrant 
la possibilité de pouvoir moduler les propriétés des matériaux.  
Les chapitres 2 et 3 de cette thèse traiteront donc de l’incorporation de l’unité EDOT 
dans des petites molécules conjuguées et dans des polymères contenant des liens azométhines. 
Le chapitre 2 se concentrera majoritairement sur la synthèse et la caractérisation d’un seul 
analogue contenant des unités thiophènes et EDOT. Cet analogue sera comparé à ceux déjà 
synthétisés qui sont constitués uniquement d’unités thiophènes.77 Les propriétés opto-
électroniques ainsi que l’électrochromisme du composé seront discutés. L’effet du EDOT et 
des amines terminales sera d’ailleurs mis en valeur afin d’expliquer les points clés de la 
création intelligente de nouveaux matériaux.  
Le chapitre 3 analysera plus en détail l’effet électro-donneur de l’EDOT en incorporant 
cette unité de diverses manières dans des trimères analogues. Ainsi, il sera possible de 
démontrer la possibilité d’effectuer l’architecture de molécules conjuguées ayant un 
groupement EDOT de façon à obtenir de propriétés opto-électroniques désirées. Une étude sur 
la stabilité des composés lorsque soumis à une oxydation chimique sera aussi faite de manière 
à prouver la stabilité des azométhines sous de rudes conditions. L’oxydation électrochimique 
sera aussi analysée. Finalement, la polymérisation de ces composés sera effectuée de deux 
façons : par condensation et par électropolymérisation sur des surfaces. Des pistes de solutions 
seront apportées afin d’améliorer la polymérisation sur surface des azométhines afin d’en faire 
des matériaux fonctionnels. Ces pistes ont d’ailleurs déjà été utilisées afin de fabriquer des 
dispositifs électrochromiques.
81,82
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Comme mentionné précédemment, les azométhines sont connues pour être iso-
électroniques aux liens vinylènes. Or, jamais cette affirmation n’a été confirmée au niveau de 
leurs propriétés opto-électroniques. Afin de s’assurer que les azométhines sont un bon 
remplacement des vinyles pour l’électronique plastique, il est impératif de vérifier qu’il est 
possible d’obtenir des propriétés similaires lors de la synthèse de composés analogues. Ainsi, 
une série de composés vinylènes et leurs analogues azométhines ont été synthétisés. Les 
observations obtenues sur ces composés seront reportées dans les chapitres 4 et 5 de cette 
thèse. 
Dans le chapitre 4, la synthèse des composés vinyles sera d’abord abordée afin de 
mettre en lumière les différences dans les modes de synthèse des vinyles et des azométhines. 
Puis, les propriétés opto-électroniques, c’est-à-dire la longueur d’onde d’absorbance, la 
longueur d’onde de fluorescence, le rendement quantique de fluorescence et les potentiels 
d’oxydation et de réduction des différents vinyles seront comparés d’abord entre elles afin de 
mettre en évidence la possibilité de faire des composés vinyles avec des propriétés 
modulables. Celles-ci seront par la suite comparées aux propriétés des analogues azométhines 
et des conclusions pourront ensuite être tirées des différences observées. Des calculs 
théoriques de fonctionnelle de densité (DFT pour density functionnal therory en anglais) 
permettront d’approfondir les connaissances sur le fait que les molécules sont iso-
électroniques. Plus précisément, les calculs des densités électroniques des niveaux 
énergétiques HOMO et LUMO permettront des comparaisons entre des molécules qui ne sont 
pas disponibles synthétiquement.  
Le chapitre 5 traitera des propriétés spectroélectrochimiques de différents 
polyazométhines synthétisés à partir de monomères vinyliques. Les propriétés électrochromes 
des composés en phase solide seront comparées pour les différents analogues. Ceux-ci seront 
d’ailleurs incorporés dans des dispositifs électrochromiques afin de vérifier la viabilité de ces 
matériaux pour l’utilisation en électronique plastique. Les changements de couleurs observés 
ainsi que la stabilité des dispositifs seront discutés. Les polymères contenant des analogues de 
type phényls seront aussi synthétisés et comparés aux thiophènes.  
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Un autre aspect intéressant des matériaux conjugués est leur fluorescence. Avoir un 
matériau fluorescent est crucial pour l’incorporation dans les OLEDs. De plus, la fluorescence 
permet souvent d’avoir un plus long temps de vie de l’était excité de la molécule, ce qui 
favorise la séparation des charges dans les dispositifs de types OPV. Or, un problème récurrent 
en ce qui concerne les azométhines est qu’ils ne sont que très peu ou pas fluorescents. Ceci est 
causé à la fois par une désactivation du lien –C=N–, ce qui fait en sorte que l’énergie ne se 
dissipe pas sous forme de lumière et qu’il y a donc conversion interne. Plusieurs études ont été 
faites précédemment afin d’éclaircir les modes de désactivation des azométhines en 
solution. 
83-85
 
Une stratégie possible afin de rendre les azométhines fluorescentes est de prévenir la 
désactivation par rotation des liens, menant à de la conversion interne ainsi qu’à la possibilité 
de photoisomérisation.
86
 Pour ce faire, il suffit d’incorporer de longues chaînes alkyles sur les 
blocs utilisés pour la synthèse. Cela fait en sorte qu’il y a trop d’encombrement stérique pour 
que les molécules puissent avoir une rotation efficace autour des liens C-C et C-N. Ceci est 
une méthode utile avec les unités fluorènes, comme il a été démontré à plusieurs reprises par le 
groupe Skene. 
87-89
 Or, si l’on veut travailler avec uniquement des unités thiophènes, il est 
nécessaire d’utiliser une autre approche afin d’augmenter drastiquement la fluorescence des 
composés puisqu’ils sont naturellement désactivés à température de la pièce et font du 
croisement intersystème.  
Afin de mieux comprendre les phénomènes entourant la fluorescence des petits 
oligothiophènes et l’effet des azométhines sur la désactivation de ceux-ci, il est impératif de 
synthétiser des composés bithiophènes fluorescents. Habituellement, le bithiophène non-
substitué ne possède pas un grand rendement quantique de fluorescence, causé par la 
désactivation par le croisement inter-système (CIS) et la conversion interne. Pour que les petits 
oligothiophènes soient fluorescents, il est nécessaire d’implémenter des groupements donneurs 
et accepteurs dans les molécules afin d’avoir des systèmes push-pull permettant un transfert de 
charge intramoléculaire qui supporte le CIS. Le chapitre 6 de cette thèse se concentre donc sur 
la synthèse et la caractérisation de la fluorescence de bithiophènes ayant différents 
groupements donneurs-accepteurs. L’effet de ces groupements sur les propriétés opto-
électroniques des matériaux sera analysé. Différentes unités D/A seront incorporées dans les 
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petites molécules à différentes positions du thiophène. Il sera alors possible de mieux 
comprendre l’effet de celles-ci sur le rendement quantique de fluorescence ainsi que sur la 
longueur d’onde d’émission des dimères. Le solvatochromisme des composés push-pull sera 
aussi analysé dans l’optique de mieux connaître les processus menant à la fluorescence.  
Ainsi, la structure de la présente thèse se résume comme suit : deux chapitres traitants 
de l’incorporation de l’unité EDOT comme bloc donneur d’électron dans des trimères 
azométhines et de l’influence de ce groupement sur les propriétés opto-électroniques des 
petites molécules, deux chapitres traitant de la différence entre l’utilisation de liens vinyliques 
et de liens azométhines dans les matériaux conjugués en évaluant l’influence de la liaison sur 
la stabilité des composés et un chapitre traitant de l’incorporation d’unités D/A dans des 
bithiophènes et leur influence sur la fluorescence des petites molécules.   
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Résumé du chapitre  
L’objectif de ce chapitre est d’introduire les principes de bases et les résultats 
précédents obtenus sur des dérivés de thiophènes azométhines. Ce chapitre est présenté sous 
forme de revue de littérature. Il présentera d’abord la nomenclature et les techniques de 
préparation des composés azométhines, en ayant un intérêt particulier sur la synthèse de 
trimères. Par la suite, une brève perspective de l’utilisation de dérivés azométhines dans 
incorporés dans des composés avec des groupements aromatiques à 6 carbones, sera présentée. 
Dans cette perspective, une description des structures cristallines de composés connus sera 
aussi présentée ainsi qu’une description des différentes méthodes de synthèse pour les dérivés 
aminothiophènes utilisés dans les travaux présentés ensuite.  
Par la suite, la revue de littérature résumera les différents résultats obtenus sur des 
azométhines composés de dérivés de thiophènes par les membres du groupe Skene, et ce, 
depuis 2005. Tout d’abord, les avancées dans la synthèse de petits oligothiophènes 
azométhines sera présenté. Puis, l’effet de la conjugaison sur les propriétés photophysiques 
des composés sera discuté. Par la suite, une discussion sur l’effet des différents hétérocycles 
sur les propriétés opto-électronique des composés sera présentée, suivi de l’effet de l’addition 
de groupements donneurs-accepteurs sur les mêmes propriétés. Cette partie de la revue se 
clôturera par une description des résolutions de structure cristalline des différents azométhines 
présentés pour fin de comparaison. 
Finalement, une section sur les polyazométhines à base de thiophène est présentée, 
incluant une section sur la synthèse de ce type de polymères et de leurs propriétés électro-
optiques. La revue se clôturera sur un résumé et des perspectives d’avenir sur la recherche sur 
les thiophènes azométhines.    
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Abstract 
This account gives an overview of our recent work in the area of conjugated 
azomethines derived from 2-aminothiophenes. It will be presented that mild reaction 
conditions can be used to selectively prepare symmetric and unsymmetric conjugated 
azomethines.  It further will be demonstrated that azomethines consisting of various 5-
membered aryl heterocycles lead to chemically, reductively, hydrolytically, and oxidatively 
robust compounds.  The optical and electrochemical properties of these materials can be tuned 
contingent on the degree of conjugation, type of aryl heterocycle, and by including various 
electronic groups.  The end result is materials having colors spanning 250 nm across the 
visible spectrum.  These colors further can be tuned via electrochemical or chemical doping. 
The resulting doped states have high color contrasts from their corresponding neutral states. 
The collective opto-electronic properties and the means to readily tune them, make 
thiophenoazomethine derivatives interesting materials for potential use in a gamut of 
applications. 
 
Keywords  
Review, azomethines, electronic push-pull, electrochromism, polymers, 
thiophene, conjugated materials, X-ray crystallography. 
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Introduction 
The awarding of the Nobel prize to Prof. A. Heeger, A. MacDiarmid, and H. Shirakawa 
in 2000 for their discovery and development of conductive polymers subsequently spurred a 
girth of research in the area of conjugated materials
1
. During the ensuing twenty years, many 
advances have occurred in both the preparation of -conjugated materials and property 
enhancement 
2-5
. Many strategies employed for materials preparation have been adopted from 
small molecule synthesis, including Suzuki-Miyaura 
6
, Yamamoto 
7
, Kumada-Corriu-Tamo 
8
, 
Stille 
9
, Grignard Metathesis 
10
 and Heck 
11
 coupling protocols, to iterate but a few 
12
. Recently 
C-H activation has also successfully been applied towards preparing conjugated polymers with 
the advantage of affording higher molecular weight polymers than with conventional 
polymerization techniques 
13
. The advantage of a wide range of coupling strategies available 
for preparing materials is that the electronic, optical, and electrochemical properties of the 
materials can be tailored. This results in conjugated -systems whose opto-electronic 
properties are compatible for use in a wide range of plastic electronics. This is evidenced by 
the successful use of these materials in plastic devices including organic light emitting diodes 
14-16
, photovoltaic devices 
17,18
, electrochromic devices 
19,20
, organic field effect transistors 
21
, 
and recently light emitting field effect transistors 
22,23
, with various devices being used in 
many consumer applications. 
While a plethora of methods are available for preparing conjugated materials, most 
require stringent reaction conditions including inert atmospheres, anhydrous solvents, and 
expensive catalysts
24
. The resulting materials must further be purified extensively to remove 
residual catalysts, ligands, and substantial amounts of by-products.  The latter is particularly 
prevalent with vinylene (-CH=CH-) materials that are prepared from Horner-Emmons and 
Wittig protocols
25-28
. Azomethines (-N=CH-) are ideal alternatives to vinlyene materials in 
part owing to their isoelectronic character with their vinylene analogues 
29
. Azomethines 
should exhibit similar opto-electronic properties to their all-carbon counterparts. Azomethines 
are also synthetically advantageous compared to their vinylene counterparts. This is in part 
owing to water being the unique by-product, which can readily be absorbed by using 
hygroscopic solvents for their preparation 
30
. As a result, minimal purification is required for 
the isolation of azomethines, and stringent conditions are not required for their preparation. 
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Despite the synthetic and purification advantages of azomethines, they have been 
overlooked as viable alternatives for conjugated functional materials. This is in part a result of 
azomethines being assumed to readily hydrolyse and decompose.  They are further understood 
not to possess opto-electronic properties that are suitable for their use in plastic devices.  The 
focus of this review is therefore to present heterocyclic azomethines as viable functional 
materials having opto-electronic properties that are compatible for use in plastic devices.  The 
objective is further to demonstrate that the opto-electronic properties of these conjugated and 
robust materials can readily be tailored contingent on structure.  This review will not take into 
account azomethines used as coordinating ligands with metals.  Instead, it will focus on 5-
membered heterocyclic azomethine prepared uniquely from the 2-aminothiophenes MAT and 
DAT (Figure 1-1).  Given the wealth of reports detailing azomethines, the focus will be 
limited to accounts spanning the past six years.  
 
 
Figure 1-1. Examples of 2-amino thiophene derivatives detailed in this review. 
 
The organization of this review is as follows: a concise historical perspective of 
homoaryl azomethines and their uses will be presented followed by X-ray crystal structures of 
the few known examples of homoaryl azomethines. The collective data will allow the 
juxtaposition of their opto-electronic and crystallographic properties relative to their 
heterocyclic counterparts.  Subsequently, the structure dependent opto-electronic and 
crystallographic properties of heterocyclic derivatives will be reviewed.  It will be 
demonstrated that enhanced opto-electronic properties are possible with these heterocyclic 
derivatives.  While the review focuses on small molecules, the concluding sections will briefly 
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present the preparation and opto-electronic properties of heterocyclic polyazomethines, 
followed by future perspectives. 
Nomenclature and Preparation 
Azomethine, imine, and Schiff Base are synonymous and they represent the structure 
consisting of R
1
R
2
C=NR
3
 (Figure 1-2). In the case of azomethines, R
3
 is typically a substituent 
other than hydrogen. When R
3
=H, the general term imine is applied.  This class of 
heteroatomic bonds can further be divided into ketylimines and aldimines.  Ketylmines consist 
of both R
1
 and R
2
 that are substituents other than hydrogen. Conversely, either R
1
 or R
2
 is a 
hydrogen for aldimines. 
 
 
Figure 1-2. General structure of azomethines and imines. 
 
Aldimines are obtained from the condensation of an aldehyde and a primary amine as 
seen in Scheme 1-1. The reaction is reversible and the equilibrium can be shifted towards the 
products by the removal of water.  Owing to their reversible formation and simple hydrolysis, 
in the case of unconjugated derivatives, Schiff bases have readily been used as protecting 
groups in synthetic organic chemistry. The complementarity of the amine and carbonyl groups 
for Schiff base formation is versatile in that the heteroatomic bond can be used to protect 
either an amine or a ketone.  Displacing the equilibrium in favor of the desired azomethine can 
be done by azeotropic distillation using a Dean-Stark trap, molecular sieves, or hygroscopic 
solvents such as absolute ethanol or THF, for example. In certain cases, the product 
precipitates from the reaction mixture.  This not only makes product isolation much easier, but 
it also prevents the product from being hydrolyzed 
31
. 
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Azomethine formation is typically catalyzed by a strong acid such as trifluoracetic acid 
(TFA). Lewis acids such as zinc chloride can also be used and titanium tetrachloride is often 
employed for preparing sterically hindered products. The disadvantage of using the latter for 
preparing azomethines is that it must be used in at least stoichiometric amounts. This leads to 
substantial titanium by-products that must be removed. Moreover, substantial amounts of acid 
are produced during the reaction from the hydrolysis of TiCl4 by ambient trace amounts of 
water. An excess of an organic base is therefore required to prevent both undesired protonation 
of the amine reagent and product hydrolysis. The use of this extreme dehydrating reagent 
therefore requires stringent reactions conditions in addition to extensive purification. This is in 
contrast to the use of TFA in conjunction with alcohol solvents, where the product is readily 
isolated upon either solvent removal or precipitation. 
 
 
Scheme 1-1. General synthetic scheme for azomethine formation. 
Brief Historical Perspective  
The vast majority of reported conjugated azomethines have been prepared exclusively 
from either aniline or phenylene diamine (Figure 1-3). Their popularity is due to their high 
degree of stability and their widespread availability from commercial sources. This is in 
contrast to other aryl amines such as 2-substituted thiophenes that readily oxidize owing to 
their electron richness 
32
. The resulting azomethines prepared from unstable arylamines are 
equally unstable and they either readily oxidize or hydrolyze. However, azomethines prepared 
from the 2-aminothiophene amines in Figure 1-1 were both resistant towards acid hydrolysis 
and reduction 
33
. They additionally possessed high oxidation potentials making them 
extremely stable under ambient conditions and at high temperatures.   
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Figure 1-3. Homoaryl precursors commonly used for azomethine preparation. 
 
The isoelectronic character of the azomethine bond relative to its vinylene analogue 
was demonstrated by Jenekhe et al who prepared poly(1,4-phenylenemethyldyenitrilo-1,4-
phenylenenitromethylidyne) (PPI). The resulting polyazomethine (Figure 1-4) had similar 
spectroscopic and thermal properties to its all-carbon counterpart, poly(p-phenylene-vinylene) 
(PPV) 
34
. The added advantage of PPI over PPV was that the azomethine derivative could be 
both oxidized and reduced, unlike PPV that could only be oxidized. Heteroatom containing 
materials therefore can be both p- and n-type materials. The polyazomethine was additionally 
more stable under ambient conditions than PPV. This was in part owing to its higher oxidation 
potential and larger energy gap.  The difference in electrochemical properties was courtesy of 
the electronic withdrawing effect of the azomethine that increased both the HOMO and 
LUMO energy levels. 
 
 
Figure 1-4. Examples of isoelectronic polymers. 
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Uses of Conjugated Azomethines 
Materials derived from homoaryl azomethines have been used in various applications. 
These include applications in biology as fungicides 
35-37
, antimicrobials 
38,39
, antiproliferatives 
40
 and enzyme inhibitors 
41,42
, to name but a few. They have also been used in other biological 
applications to complex metals 
43,44
. Azomethines have found additional uses as polymer 
organic frameworks (POFs) for H2 and CO2 sequestering 
45,46
. This is a result of their large 
surface area 
47,48
. They have further been used as epoxy-derivatives for the preparation of 
thermostable and thermoconductive polymers 
49-51
. The thermal stability of the azomethines is 
courtesy of the rigid imine bond. Their thermal stability and thermal conductivity have been 
exploited for use as electrical isolators and adhesives in motors, transformers and integrated 
circuits. 
While azomethines are nonfluorescent because of intrinsic fluorescence quenching 
modes 
52-54
, efforts have been dedicated to selectively turn-on the fluorescence for sensor 
applications 
55
.  For example, Farcas et al used a pyrene-triazole azomethine derivative in a 
rotaxane conformation for polymer encapsulation in cyclodextrine (CD) 
56
. In the non-
rotaxane conformation, the polymers were nonfluorescent. However, the fluorescence was 
enhanced with the addition of CD owing to confinement effects. Derinkuyu et al also used 
azomethine dyes to investigate their fluorescence behavior as well as their pH-dependent 
fluorescence in common solvents and polymer matrices, such as polyvinylchloride (PVC) and 
ethyl cellulose (EC) 
57
. They observed that the dyes were nonfluorescent in solution.  In 
contrast, the azomethines exhibited high quantum yields in solid matrixes. This was ascribed 
to the suppression of inherent quenching mechanisms, such as vibrational deactivation when 
immobilized. Another example of fluorescence applications is from Liu et, al. who covalently 
linked Schiff-base derivatives to an inorganic silica network for sol-gel applications and 
photoluminescence 
58
. The azomethines similarly exhibited high fluorescence when they were 
immobilized in a sol-gel network.  The underlying conclusion from these independent studies 
was that otherwise nonfluorescent azomethines could be rendered fluorescent by physically 
deactivating their inherent fluorescence quenching modes.  
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Azomethines have recently been used in plastic electronics such as photovoltaic 
devices, organic field effect transistors and electrochromic devices.  For example, Sek et al 
synthesized a series of triphenylamine (TPA) oligomers that are normally used as hole-
transporting materials in organic light emitting diodes 
59
. They coupled TPA to various fused 
homoaryl amines. The resulting azomethines exhibited both high thermal stability and large 
energy gaps. Nonetheless, the TPA azomethine derivatives had hole-transport properties, 
illustrating the semi-conductive character of the imines. Triphenylamine azomethines were 
similarly used by Yen et al to make electrochromic polymers 
60
. Their polymers underwent 
two-step color changes with increasing applied potentials as result of radical cation and 
dication formation. The two species were reversibly generated and stable towards multiple 
switching between positive and negative applied potentials. The TPA azomethines switched 
between red and blue. Electrochromic azomethines were also demonstrated by Is et al 
61
 who 
observed enhanced colors in both the neutral and oxidized intermediates. The observed color 
transitions were between orange and green when using an electron rich pyrrole-carbazole-
pyrrole azomethine comonomer that was anodically polymerized onto transparent ITO 
electrodes.  The resulting polymer immobilized on the electrode retained its optical activity 
even after a 1000 cycles of electrochemical switching.  
Liquid crystals (LC) have additionally been prepared from azomethines. This is 
courtesy of the imine bonds that have a high propensity to undergo intermolecular -stacking.  
The intrinsic crystalline behaviour was exploited to make various types of mesophase-like 
LCs. An example of azomethine LC formation is by Gao et al who prepared liquid crystalline 
epoxy (LCE) resins. The azomethine LCE exhibited higher thermal properties and improved 
adhesive toughness, relative to normal LCEs 
62
. Functionalizing the epoxy resin with 
azomethines also improved the mechanical properties without reducing the thermal resistance. 
Darla et al similarly used azomethines for the preparation of thermally stable and thermotropic 
LCs for non-linear optics 
63
. Their compounds showed enhanced non-linear optical properties 
over their corresponding all-carbon counterparts. Iwan et, al. also prepared LCs by combining 
a polar spacer between two azomethine mesogens 
64
. The LC exhibited optical, 
thermoluminescent, and current-voltage properties. It was found that the LCs became 
luminescent with increasing temperature.  The LCs were successfully used as emitting 
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materials in organic light emitting diodes with a turn-on voltage of 0.250 V.  Iwan et al further 
successfully demonstrated that opto-electronic properties compatible for plastic device usage 
were possible with aliphatic azomethine LCs 
65
. Similarly, Hindson et al prepared LCs from 
TPA for hole transporting layers in photovoltaic devices 
66
. The effect of varying the exocyclic 
bond angle between the aromatic substituent connected to TPA on the thermal, optical and 
photoelectronic properties was studied. It was found that decreasing the azomethine exocyclic 
angle between TPA and various aromatics decreased the LC degree of conjugation. It was 
further found that the LCs were photoluminescent and they had low energy gaps in the order 
of 2.2 eV. The usefulness of these materials in plastic electronics was successfully 
demonstrated by preparing bulk heterojunction photovoltaic devices having power conversion 
efficiencies in the order of 0.1 %. The collective examples illustrate that azomethines have 
functional materials-like properties. Moreover, they can successfully be used in devices in part 
owing to the inherent properties of the -N=CH- bond and its robustness. 
Crystallographic Structures of Homoaryl Azomethines 
Given their high propensity to form LCs, it is surprising that there is little 
crystallographic data available for homoaryl azomethine derivatives. One of the first reported 
X-ray structures was by Bürgi et al who solved the structures of (E)-N-benzylideneaniline 
(Figure 1-5) and its 4-substituted derivatives 
67
. The azomethines all crystalized in the P21/c 
group having four molecules per unit cell. The striking features of the crystals were the 
azomethine isomer that was adopted and the coplanarity of the benzenes and the azomethine. 
In all cases, the thermodynamically stable E isomer was resolved. This is of importance given 
that the absolute configuration of the isomer cannot unequivocally be resolved by other 
standard characterization techniques. The crystallographic data further showed that the angle 
between the mean planes described by the azomethine and the phenyl adjacent to the =CH was 
consistently ca. 50
o
. The twisting from coplanarity is a result of interactions between the 
benzene’s ortho hydrogens and that of the azomethine.  The large twist angle between the 
aryl-azomethine planes limits the degree of conjugation of arylazomethines. This is evident in 
both their hypsochromic spectroscopic properties and higher oxidation potentials relative to 
their vinylene counterparts, which are coplanar (3.4
o
) and have higher degrees of conjugation 
68,69
. Azomethines can be made coplanar with the aromatics to which they are connected by 
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replacing the 6-membered homoaryls with 5-membered aromatics (vide infra). The twisting 
angle can additionally be reduced with 6-membered aromatics by using derivatives with ortho 
substituents that have minimal interactions with the azomethine hydrogen. This is the case 
with pentafluorobenzene whose shorter C-F bonds lower the aryl-azomethine torsion angle to 
36º 70,71.  
 
Figure 1-5. Face (top) and edge (bottom) view of the X-ray crystal structure of (E)-N-
benzylideneaniline illustrating the twist from coplanarity of the aryl-azomethine planes. The 
azomethine bond is highlighted for clarity. 
Aminothiophene Derivatives 
Thiophene derivatives have extensively been used in conjugated materials.  This is in 
part owing to their interesting optical and electronic properties that are compatible for use in 
many applications 
72
. Thiophene derivatives further possess good thermal and chemical 
stability. They also can be easily functionalized to adjust their optical and electrochemical 
properties in addition to their solubility. Most importantly, thiophenes have a low oxidation 
potential allowing them to be anodically polymerized at relatively low oxidation potentials. 
Similarly, their polymeric counterparts have high environmental stability in both their doped 
and undoped states. They further have high color contrast ratios between their neutral and 
doped states. These are ideal for electrochromic applications. Polythiophenes have additional 
interesting electronic properties.  They are highly conductive when doped with conductivities 
on the order of 10
3
 S cm
-1
 
73
. The collective semi-conductor properties of polythiophenes have 
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led to their successful use in plastic electronic applications such as organic field effect 
transistors (OFETs) 
74,75
, organic light emitting diodes (OLEDs) 
76
, photovoltaic devices and 
electrochromic devices 
77,78
.  
Thiophene azomethine derivatives should possess interesting opto-electronic properties 
along with enhanced opto-electronic properties compared to their homoaryl azomethine 
counterparts. Based on the crystallographic data of the homoaryl azomethines, thiophene 
azomethines are expected to have reduced torsion angles between the thiophene and 
azomethine planes (see crystallographic section). This would lead to highly extended -
conjugated systems with strong absorbances in the visible spectrum and electrochemical 
properties that are suitable for using the materials in electronic applications. While the 
required thiophene aldehyde is stable and can be reacted to form azomethines, its 
complementary aminothiophene is extremely unstable. Both 2-amino and 2,5-
diaminothiophenes that are unsubstituted in their 3- and 4-positions are unstable and they 
spontaneously oxidize 
32
. Owing to their extreme reactivity, there are only a few reported 
thiophene azomethines prepared from 2-aminothiophene 
79-81
. 
Stable 2-aminothiophenes, such as those shown in Figure 1-1 would be beneficial for 
preparing all-thiophene azomethines. Such derivatives are possible by incorporating electron 
withdrawing groups in the -position to the amine. The electron withdrawing group increases 
the oxidation potential making the 2-amino-3-substituted thiophenes less prone to oxidation 
under ambient conditions. Typically, aminothiophene derivatives are air stable and they can be 
prepared via the Gewald reaction 
82-84
. In the case of 2-aminothiophenes, their preparation is 
done with activated methylenes, such as ethylcyanoacetate or malononitrile in the presence of 
1,4-dithiane-2,5-diol under basic conditions (Scheme 1-2) 
45,48
 2-Aminothiophene derivatives 
such as CHAT are similarly prepared by replacing the activated methylenes with a ketone and 
proceeding via a Knoevenagel condensation. Given that the products can be handled under 
ambient conditions, their preparation is appropriate to large scale preparation. The products 
can also be readily isolated by column chromatography or precipitation. The resulting R1 
group can further be modified, resulting in a wide range of stable 2-aminothiophene 
derivatives. 
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Scheme 1-2. Synthetic scheme for the general synthesis of MAT. 
 
Similarly, stable 2,5-diaminothiophenes can be prepared via the Gewald reaction using 
activated methylenes and elemental sulfur (Scheme 1-3) 
85-89
. In contrast to MAT, extensive 
purification of DAT is required to remove unreacted sulfur and sulfur derivatives. As a result, 
the product yield is poor. Nonetheless, the functional groups in the 3,4-position can be further 
reacted to provide a broad array of hydrophilic and hydrophobic stable 2,5-diaminothiophenes 
for various uses. Alternatively, the inexpensive ethylcyano acetic acid reagent can easily be 
esterified prior to the Gewald reaction to obtain a gamut of 2,5-diaminothiophenes ester 
derivatives.  
 
 
Scheme 1-3. Synthetic scheme for the general synthesis of DAT. 
 
The stability of MAT and its derivatives is epitomized by their tolerance towards 
degradation when subjected to chemical modification. Any of the positions can be reacted 
without risk of decomposing the thiophene. The robustness of MAT and its derivatives has 
been exploited for preparing many biologically and pharmaceutically active 2-
aminothiophenes for uses such as LIMK1 enzyme inhibitors against Williams syndrome 
90-92
, 
MNN enzyme inhibitors against leukemia 
93
 and adenosine A1 receptor antagonists 
94-96
. MAT 
derivatives are also potent antimicrobials 
97,98
 and fungicides 
99
.   
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The robustness of MAT has also been exploited to prepare various azo dyes (Figure 1-
6) 
100-108
. The 2-aminothiophene derivatives were found to withstand the harsh diazotisation 
reaction conditions.  The generated diazonium intermediates were successfully coupled with 
various aromatics to afford stable azo dyes.  A wide range of colors was possible by 
incorporating various electronic groups into the 3, 4, and 5-positions of MAT in addition to 
the para-position of the coupled aromatics. These dyes exhibited high colorfastness as well as 
resistance to bleaching, oxidation, and degradation.  
 
 
Figure 1-6. Various azo dyes prepared from MAT derivatives. 
Thiophene Azomethine Derivatives 
 MAT derivatives have been known for over 40 years 
86,87
. They have 
subsequently been examined extensively and they have been subjected to many modifications 
for biological, pharmaceutical, and dye-stuff uses. DAT was discovered approximately at the 
same time as its 2-monoamino counterpart. Interestingly, DAT and its derivatives have 
received limited attention and they have not been exploited to the full extent as their 2-
monoamino counterparts.  This is not a result of differences in stability or reactivity between 
DAT and MAT. Rather, the symmetry of DAT precludes structural modification for preparing 
pharmaceutically and biologically active interesting compounds. Nonetheless, polymers 
derived from 2,5-thiophene-3,4-dicarbonitrile have been prepared from the condensation with 
terephthalic dicarboxaldehyde 
109-111
. These polymers were found to coordinate metals via the 
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azomethine sites and the resulting metallo-polymer complexes were somewhat conductive, on 
the order of 1 x 10
-4
 S cm
-1
. 
Despite the abundant number of reports describing the synthesis and uses of MAT, its 
use in preparing -conjugated azomethines, notably those consisting uniquely of thiophenes, 
were unknown until 2006 
112,113
. Similarly, highly -conjugated azomethines prepared from 
DAT were also unreported. We were therefore motivated to prepare conjugated thiophenes 
from 2-aminothiophene derivatives and to investigate their opto-electronic properties. 
Motivation was not only to demonstrate that such derivatives could be prepared, but to show 
that all-thiophene azomethines also exhibit interesting spectroscopic and electrochemical 
properties. It was anticipated that 5-membered heterocycles would minimize any interaction 
between the ortho-substitution and the azomethine hydrogen (see the crystallographic section). 
This would result in a highly coplanar arrangement of the aryl groups with the azomethine, 
leading to increased degrees of conjugation relative to its 6-membered counterparts. The added 
advantage of using thiophenes and other heterocycles is their electron richness.  The high 
degree of conjugation of the 5-membered azomethines would promote extended delocalization 
of the electron rich heterocycles. This was expected to result in azomethines having strong 
absorbances in the visible and low oxidation potentials.  Owing to the extended delocalization, 
it was also expected that the color of the azomethines could be tailored by incorporating 
various electronic groups, similar to their carbon counterparts 
114,115
. Readily tailoring the 
optical and electronic properties would make the azomethines amenable to meet the 
requirements for a wide range of applications. The extended degree of conjugation and 
expected bold visible color of the azomethines would be ideal for many spectroscopic 
applications including electrochromic and photovoltaic devices.  Meanwhile, the highly 
ordered intermolecular packing arrangements observed with the homoaryl azomethines, taken 
together with their extended -conjugation, would make thiophene azomethines suitable 
candidates for use in organic field effect transistors.  Given the absence of reports relating to 
all-thiophene azomethines and their expected enhanced properties relative to their homorayl 
counterparts, we endeavored to prepare and characterize such derivatives.  Subsequently, we 
have prepared and characterized the opto-electronic and crystallographic properties of many 
interesting conjugated azomethines derived from DAT and MAT. The ensuing sections will 
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be devoted to surveying our recent advances relating to azomethines consisting of 5-
membered heterocycles, spanning back to 2007. Focus will be placed on the property tuning, 
notably spectroscopic and electrochemical properties, contingent on the structure of the 
azomethine small molecules. 
Synthesis 
Conjugated polyazomethines possess interesting properties owing to their high degree 
of conjugation. They are also beneficial in terms of spectroscopic, electrochemical, 
mechanical, and thin film forming properties. However, accurate structure-property studies are 
challenging with polymeric systems. Therefore, we originally endeavored to study small 
molecules as viable model systems for examining the properties of all-thiophene azomethines. 
These provided the means for accurate property-structure assessment. The added advantage of 
small molecules is their reduced degree of conjugation relative to polymers, although they 
should be more susceptible to hydrolysis, decomposition, and reduction. The stability of the 
azomethine bond towards acid hydrolysis and reduction could accurately be examined with 
small molecules. Our original target was the all-thiophene derivative 1-4 (Scheme 1-4 and  
Figure 1-7). It was chosen as a model compound for examining the reaction conditions 
required for its preparation. It was also chosen to assess its stability under ambient conditions 
and its resistance towards acid hydrolysis and reduction. 1-4 was also expected to provide 
pivotal information relating to the spectroscopic and electrochemical properties of the novel 
azomethines. 
Given that azomethines produce environmentally benign water as a by-product, they 
can be considered as environmentally friendly materials. However, their preparation according 
to conventional methods is not green. This is because many known methods for azomethine 
preparation require stringent reaction conditions and hygroscopic Lewis acids 
116
. Their 
preparation also produces significant by-products that require extensive product purification. 
We therefore endeavoured to prepare 4 using mild reaction conditions that were consistent 
with an environmentally friendly approach, such as innocuous solvents and mineral acids, 
while avoiding the use of inert atmospheres.  This approach would reduce the amount of by-
products and potentially eliminate the need for product purification. A simple and 
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straightforward preparation of azomethines would additionally make them interesting 
alternatives to their all-carbon counterparts, providing they exhibited similar spectroscopic and 
electrochemical properties.  
Preliminary attempts to prepare 1-4 in ethanol using catalytic amounts of TFA 
consistently and exclusively led to the dyad 1-2. The desired triad 1-4 was not formed even 
with a large excess of the aldehyde. The lack of formation of the desired product was a result 
of reduced reactivity of the terminal amine of 1-2. This was owing to the electron withdrawing 
effect of the azomethine. The product could be formed using TiCl4, however, it also could be 
prepared with mild conditions using alcohol solvents having high boiling points, such as iso-
propanol and n-butanol. Alternatively, 1-4 could be prepared in the absence of solvent. Using 
exactly two equivalents of the aldehyde, 1-4 could be quantitatively obtained by melting the 
reagents in the presence of TFA vapor. The variable reactivity in different solvents was 
exploited to prepare unsymmetric triads in one-pot, according to Scheme 1-4. This was 
possible by using one equivalent of the first aldehyde and refluxing in ethanol. The resulting 
dyad was obtained quantitatively upon removing the solvent and it did not require purification. 
It was then redissolved in either n-butanol or iso-propanol in addition to one equivalent of a 
different aldehyde. 
Azomethines are assumed to be hydrolytically unstable and they are known to be 
reduced with common reductants. Both the hydrolytic and reductive stability of 1-4 were 
subsequently investigated. It was found that 1-4 failed to hydrolyze in refluxing moist organic 
solvents in the presence of various acids even after prolonged reaction conditions. These 
conditions were chosen since they normally hydrolyze azomethines. 1-4 could further be 
purified by column chromatography using silica gel. The absence of decomposition of 1-4 
with the inherent acid silica gel further demonstrated the resistance of conjugated azomethine 
to hydrolysis. The tolerance of 1-4 to reductants was additionally investigated using common 
reductants such as NaBH4, LiAlH4, and DIBAL 
33
. No reduction or decomposition was 
observed either spectroscopically or by NMR. In fact, the characteristic imine proton at 8 ppm 
disappeared only after 24 hours under refluxing conditions with an excess of DIBAL. The 
collective results demonstrated the robustness of 1-4 and that it does not readily decompose, 
hydrolyze, or reduce. 
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Scheme 1-4. Synthetic scheme illustrating the selective formation of azomethines prepared 
from DAT: i) cat. TFA, EtOH; ii) cat. TFA, n-BuOH or TiCl4, DABCO, toluene; iii) cat. 
TFA and either n-BuOH or i-PrOH. 
Scheme 1-4 illustrates that stoichiometry of the monoaldehydes and DAT is important 
for the selective formation of azomethines. Stoichiometry is equally important for selective 
product formation when condensing DAT with thiophene dialdehydes. Polymers having Mn 
on the order of 15 kg/mol were obtained with a 1:1 ratio of the reagents using specific reaction 
conditions (vide infra). Meanwhile, a 2:1 ratio of DAT/dialdehyde exclusively afforded triad 8 
(Scheme 1-5). Unlike with 1-4, 1-8 could be quantitatively obtained using mild reaction 
conditions such as ethanol with catalytic TFA at room temperature. 1-8 was also 
hydrolytically and reductively robust and air stable. The advantage of 1-8 over 1-4 is that it 
precipitated from solution and it could be quantitatively obtained without purification. 
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Scheme 1-5. General synthetic scheme of oligomer formation. 
 
Effect of Conjugation on Optical Properties 
The successful preparation of 1-4 and 1-8 confirmed that the all-thiophene conjugated 
azomethines were stable. While the spectroscopic properties of 1-4 and 1-8 were similar and 
differed only by 64 nm, it was hypothesized that the spectroscopic properties could be tailored 
by varying the degree of conjugation.  The derivatives illustrated in  
Figure 1-7 were therefore prepared for structure-property studies. Specifically, the 
azomethine placement and the effect of the degree of conjugation including the number of 
thiophenes (1-1 to 1-7) and the number of azomethines (1-8 to 1-10) on the optical and 
electrochemical properties were of interest. The compounds prepared were subsequently 
characterized by absorbance, fluorescence, and cyclic voltammetry. 
The absorbance spectra showed that subtle changes to the azomethine structure 
significantly impacted the color. While 1-1 and 1-2 possessed a single azomethine, their 
absorbances were different. The absorbance of 1-2 was bathochromically shifted by 30 nm 
relative to 1-1. The variation was a result of the electron donating effect of the terminal amine 
1-2, which reduced the energy gap. The same bathochromic trend was observed for all the 
azomethines having a terminal amine relative to those terminated with a hydrogen. The 
variation in absorbance induced by a slight structural modification was further obvious with 1-
4 and 1-5. The two azomethines differed only by alkyl groups in the 3,4-positions of the 
thiophene. The weak electron donating effect of the alkyl substituents reduced the energy gap, 
resulting in a 65 nm bathochromic shift. 
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Figure 1-7. Azomethines prepared to examine the effect of degree of conjugation on the 
opto-electronic properties. 
The effect of the degree of conjugation and the number of thiophenes on the optical 
properties is obvious in Figure 1-8. The absorbance was bathochromically shifted by 66 nm 
when adding a thiophene upon going from 1-2 to 1-3. However, the shift was less pronounced 
with additional thiophenes. A blue shift was observed between 1-3 and 1-4, indicating that the 
terminal amine contributed more to the conjugation than a thiophene. However, there was still 
a small red shift of 4 nm between 1-3 and 1-6 and a 22 nm shift between 1-6 and 1-7. The 
absorbance was less pronounced with the bithiophenes derivatives. This was in part owing to 
the reduced conjugation as a result of twisting between the bithiophenes. This was confirmed 
by the crystallographic data of 1-6 
117
.  Nonetheless, the absorbance could be tailored over a 
range of 92 nm by structurally modifying the azomethines by including bithiophenes. 
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The impact on the absorbance was more pronounced with increasing the number of 
azomethines than with thiophenes. This is evident in Figure 1-8 that shows the change in 
wavelength as a function of the reciprocal number of atoms found along the conjugated 
backbone. A 104 nm bathochromic shift was possible upon going from 1-2 to 1-8, with the 
two azomethines differing only by a thiophene and one azomethine bond. Similarly, a 45 nm 
red shift was observed when increasing the number of azomethine bonds from two (1-8) to 
three (1-9). The trend was less pronounced when increasing the number of azomethine bonds 
from three to four (1-10), leading only to a 27 nm red shift. It is apparent that infinite 
absorbance shifts are not possible with multiple azomethine bonds. Nevertheless, color tuning 
covering 176 nm across the visible spectrum was readily possible by increasing the degree of 
conjugation. The collective spectra measured for the compounds in Figure 1-7 confirmed that 
simple structural modification, whether it be degree of conjugation or varying the number of 
thiophenes, greatly impacted the absorbance of the azomethines. The fluorescence maximum 
of the azomethines was also sensitive to structural modifications. For example, the maxima 
shifted by 236 nm contingent on structure.  The fluorescence of the azomethines in Figure 1-7 
ranged between 480 and 716 nm. While their fluorescence could be measured, the 
fluorescence quantum yields (fl) were systematically low. In fact, the fl were ≤ 2% when 
measured both against external references and using absolute methods including an integrating 
sphere at room temperature. This is not surprising since azomethines are known to undergo 
photoisomerization between their E and Z isomers 
118-124
. However, photoisomers were not 
observed for any of the azomethine derivatives reported in this review. 
The azomethine fluorescence could however be turned-on by protonating the amine 
55
. 
Quantitative fluorescence revival was also observed at low temperatures 
125
. The collective 
fluorescence studies combined with the absence of triplet states observed by laser flash 
photolysis imply that the imine bond is responsible for quenching the singlet excited state. The 
deactivation modes were assigned to both intramolecular photoinduced electron transfer to the 
azomethine and possible rotation around the aryl–N bond 52. The responsive fluorescence to 
environmental changes make these conjugated azomethines interesting for sensor applications. 
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Figure 1-8. Effect of varying the number of azomethines () and thiophenes () on the 
absorbance maximum for the azomethines from Figure 1-7. 
 
Similar to the optical properties, the electrochemical properties of the azomethines 
could significantly be modified contingent on structure.  Of interest is the oxidation potential 
(Epa). All the compounds had Epa values above the reduction of oxygen, proving that they were 
air stable.  While the effect of structural modification on the Epa was less pronounced than 
what was observed for the spectroscopic properties, the Epa could nonetheless be varied by 390 
mV between 0.78 and 1.17 V (Figure 1-9). Most interesting was the reversibility of the 
oxidation process.  Azomethines with hydrogens in the terminal positions underwent 
irreversible oxidation.  Cursory interpretation of this result would suggest that the azomethines 
are oxidatively unstable and decompose.  However, the electrochemically generated radical 
cation sustained anodic polymerization according to standard means to afford conjugated 
polymers 
126
. In contrast, the oxidation process was reversible for the azomethines containing 
amines in the terminal positions, such as 1-8 to 1-10. This confirmed that the resulting radical 
cation was stable and that the azomethines were oxidatively robust. Unlike the anodic process, 
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the cathodic process generates the radical anion was irreversible.  The origins of the 
irreversible cathodic process are unknown and they are currently being investigated. 
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Figure 1-9. Anodic cyclic voltammograms of 1-2 (▬), 1-4 (▬), 1-8 (▬), 1-9 (▬) and 1-10 
(▬). 
Heterocyclic Azomethines 
Thiophene azomethine derivatives were originally examined owing to the known 
thermal and chemical stability of the thiophene moiety and its low oxidation potential. 
However, azomethines derived from other 5-membered aromatic heterocycles were also 
possible. Varying the -richness/aromaticity with different heterocycles would impact the 
azomethine opto-electronic properties in a similar way to that observed with structural 
modifications. It should therefore be possible to tune the colors by incorporating different 
heterocycles into the azomethines in addition to making symmetric and unsymmetric 
compounds. Azomethines incorporating furans, thiophenes, pyrroles, and 3,4-
ethylenedioxithiophenes (EDOT) were prepared and examined. These heterocycles were 
selected because of their different aromaticity indices.  For example, the aromaticity index of 
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thiophene is 0.75, pyrrole is 0.59, furan is 0.46, while that of benzene is 1 
127
. A highly 
aromatic derivative would stabilize the azomethine, therefore decreasing its Epa.  Tuning the 
HOMO energy levels is therefore possible contingent on the different 5-membered 
heterocycles.  
The different heterocyclic azomethines investigated are shown in Figure 1-10. From 
the collective spectroscopic data of the dyads and triads, it was found that the absorbance 
could be tailored as a function of the heterocycle. Because of their low aromaticity, the 
absorbance of the furan derivatives was blue shifted relative to the other heterocyclic 
azomethines.  This was evidenced by the 15 nm hypsochromic shift between the homologues 
1-16 and 1-4. The pyrrole derivatives 1-19 and 1-21 were found to have the highest 
absorbance wavelengths of the heterocyclic azomethines investigated.  This was owing to the 
strong -donor character of the pyrrole compared to thiophene or furan. This resulted in a 
highly conjugated electronic push-pull system occurring between the pyrrole and the electron 
withdrawing ester groups of the central thiophene. This was confirmed by the 5 nm red shift 
observed for 1-21 relative to 1-19 as a result of strong electron donating character of N-
methyl-pyrrole moiety.   
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Figure 1-10. Various azomethines derived from different 5-membered heterocyclic aromatics. 
 
Unsymmetric derivatives were also prepared to examine the effect of combining 
different heterocycles on the spectroscopic properties. For example, 1-15 had both a thiophene 
and N-methyl-pyrrole and exhibited the same absorbance as its all methyl-pyrrole analogue, 1-
21. Similarly, when substituting thiophene with furan, as in 1-14, the absorbance was 
hypsochromically shifted by 20 nm in comparison to 1-4. Finally, combining the strong -
donating N-methyl-pyrrole with the weakly aromatic furan, resulted in an electronic push-pull 
system (1-23) that was bathochromically shifted by 12 nm relative to the benchmark 1-4. 
Absorbance tailoring covering 45 nm between 420 and 465 nm was therefore possible with 
unsymmetric azomethines by combining various 5-membered heterocycles.  
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While a wide range of absorbances were possible by incorporating different 
heterocycles, the effect was less pronounced on the Epa. The azomethines all possessed Epa that 
varied by only 200 mV, between 0.9 and 1.1 V. The electrochemical data confirmed that the 
azomethines were all stable under ambient conditions. The lowest Epa measured was for 1-21, 
whose Epa was 200 mV less positive than the other azomethines. This was a result of the 
strong electron donating character of the pyrrole.  
The reversibility of the anodic process was also contingent on substitution at the 
terminal positions of the heterocycles, similar to what was observed for the other compounds 
in Figure 1-7. The anodic process was irreversible with hydrogens substituted in the terminal 
positions such as 1-14 to 1-16, 1-19, and 1-23 to 1-25. In contrast, the process was reversible 
with either methyl or amine substituents in the terminals position such as 1-17, 1-18, 1-20, 1-
22, 1-26. The electron donating character of the methyl groups located on the terminal 
positions additionally contributed to lowering the HOMO energy levels. As a result, the 
absorbance of the methylated derivatives was bathochromically shifted by ca. 40 nm relative 
to their hydrogen terminated analogues. 
Given the strong absorbance of these azomethines in the visible, their corresponding 
radical cations exhibited significantly different colors.  This resulted in a high color contrast 
ratio between the neutral and oxidized states.  For example, a 70 nm electrochemically induced 
change in the absorbance was observed for 1-22. This resulted in a color change from orange 
to purple
128
. Both the color of the neutral and oxidized states were enhanced by incorporating 
the electron rich 3,4-ethylenedioxithiophene (EDOT) as was the case with 1-26 
129
. This was 
further an interesting derivative because it possessed three oxidation states.  As a result, four 
discrete colors were observed when applying different potentials ranging between 0 and 2 V.  
The resulting reversible colors observed were red, green, blue, and transparent. The latter is a 
result of an absorbance occurring in the NIR at 950 nm and not from bleaching of the 
compound, which would indicate azomethine decomposition. Both the reversible oxidation 
and bold colors in the visible region of the spectrum make these azomethines viable candidates 
for electrochromic applications 
130
. 
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Figure 1-11. Colors of the neutral (left) and oxidized (right) states of the various 
thiophenoazomethines from Figure 1-10 observed on a platinum mesh electrode. 
 
In addition to electrochemical oxidation, the azomethines could additionally be doped 
with both TFA and ferric chloride (FeCl3).  Similar colors were observed when the 
azomethines were chemically and electrochemically doped (vide infra).  In the case of the 
chemical dopants, the azomethines could be doped and undoped repeatedly without any 
spectroscopically (absorbance and NMR) detectable color degradation. This illustrates their 
robustness and resistance towards hydrolysis.  Triethylamine was used as the dedopant when 
doping with TFA and hydrazine hydrate was similarly used as the dedopant when doping with 
ferric chloride. 
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Figure 1-12. Reversible color change between neutral (top) and doped (bottom) states of 1-18, 
1-35, 1-36, and 1-37 (from left to right) when doped with FeCl3 in dichloromethane and 
neutralized with either triethylamine or hydrazine hydrate. 
 
 
Electronic Push-Pull Azomethines 
Incorporating electron donating and withdrawing groups was also examined for tuning 
the azomethine opto-electronic properties. It was expected that incorporating various 
electronic groups in the terminal positions would dramatically perturb the HOMO energy 
levels to yield azomethines with bold colors spanning the visible spectrum. Furthermore, 
incorporating complementary electron withdrawing and donating groups in the terminal 
positions would result in an electronic push-pull system. This in turn would form an 
intramolecular charge transfer (ICT) complex, which is known to strongly absorb in the visible 
region 
131
. 
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Figure 1-13. Thiophenoazomethines incorporating electron donating and withdrawing groups 
in the terminal positions. 
The impact of the electron donating and withdrawing groups was surprisingly 
noticeable with the dyads. Interestingly, the N,N-diethylamine substituent caused the most 
significant change in the absorbance spectrum compared to its complementary electron 
withdrawing nitro group. This is evident by a 100 nm bathochromic shift observed for 1-28 
relative to 1-1, whereas the corresponding nitro derivative 1-27 was red shifted by only 30 nm. 
As expected for the weaker electron withdrawing aldehyde, the absorbance of 1-30 was red 
shifted by only 15 nm relative to 1-1.   
The effect of the electronic groups on the optical properties was similar for the trimers.  
For example, 1-34 and 1-35 both exhibited bathochromic shifts of 25 and 36 nm, respectively, 
compared to the unsubstituted homologue 1-4.  Meanwhile, 1-36 was red shifted by 110 nm 
relative to the benchmark azomethine 1-4. The spectroscopic change was most pronounced for 
the complementary electronic push-pull azomethine 1-37 that was bathochromically shifted by 
157 nm relative to 1-4. The collective measured absorbance spectra are summarized in the top 
panel of Figure 1-14.  It is evident that discrete absorbances spanning nearly 250 nm across the 
entire visible spectrum were possible by incorporating electron donating or withdrawing 
groups in the terminal positions of the dyad and triad azomethine derivatives.  The color 
tuning of the compounds is further epitomized in the photographs in the middle panel of 
Figure 1-14.  It is apparent that colors ranging between yellow and blue were possible via 
structural modification of the thiophenoazomethines.  The colors can further be enhanced by 
chemical doping, as seen in the lower panel of Figure 1-14. For example, 1-8 changes from red 
to green, while 1-26 goes from red to blue, and 1-37 changes from blue to pink when doped 
with FeCl3. 
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In addition to color tailoring, the Epa could also be adjusted courtesy of the different 
electronic groups. Incorporating the electron donating amine lowered the Epa by 300 mV 
relative to 1-1.  In contrast, the Epa was increased by the presence of an electron withdrawing 
group. These effects were enhanced with the triads.  For example, the highest Epa were 
observed with 1-34 and 1-35.  The electronic push-pull 1-37 had a higher Epa than 1-36. The 
reduction potentials (Epc) were also contingent on the electron donating or withdrawing 
groups. For example, the electron withdrawing group lowered the Epc.  Meanwhile, a reduction 
process was not observed for 1-36. The collective electrochemical data demonstrated that the 
HOMO and LUMO energy levels, and in turn the energy gap, could be adjusted between 1 and 
2.5 eV by incorporating various electronic groups into the terminal positions. 
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Figure 1-14. Top: absorbance spectra of 1-11 (▬), 1-13 (▬), 1-18 (▬), 1-14 (▬), 1-4 (▬), 
1-22 (▬), 1-35 (▬), 1-8 (▬), 1-26 (▬), 1-9 (▬), 1-36 (▬), 1-10 (▬), and 1-37 (▬), 
measured in dichloromethane. Middle: solutions of 1-11 (▬), 1-13 (▬), 1-18 (▬), 1-14 (▬), 
1-4 (▬), 1-22 (▬), 1-35 (▬), 1-8 (▬), 1-26 (▬), 1-9 (▬), 1-36 (▬), 1-10 (▬), and 1-37 (▬) 
in dichloromethane. Bottom: solutions of 1-11 (▬), 1-13 (▬), 1-18 (▬), 1-14 (▬), 1-4 (▬), 
1-22 (▬), 1-35 (▬), 1-8 (▬), 1-26 (▬),1-9 (▬), 1-36 (▬), 1-10 (▬), and 1-37 (▬) doped 
with FeCl3. 
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Crystallographic Studies 
Useful structural information can be derived from single crystal X-ray diffraction 
(XRD) data of crystal structures. In the case of azomethines, XRD played an important role in 
assigning the absolute configuration of the azomethine bond.  This was of importance because 
neither the E nor Z isomer could unequivocally be assigned by standard methods such as 
NMR. In all the cases of the thiophene containing azomethines that yielded suitable crystals 
for XRD, the E isomer was consistently and exclusively observed.  In some respects, this was 
not surprising since this is the most thermodynamically stable of the two isomers.  What was 
of interest was that crystals of 1-4 and 1-8 that were irradiated and the Z photoisomer was not 
observed 
132
. This was surprising since homoraryl azomethines have recently been found to 
undergo E to Z photoisomerization, even in the solid state
118,133,134
. The observed 
photostability is most likely a result of the high degree of conjugation of 
thiophenoazomethines. 
XRD data provided additional useful structural information that could be correlated 
with the spectroscopic data. Of particular interest was the mean plane angle between the 
azomethine and the aryl-N planes.  Low twisting angles would be observed with highly 
conjugated azomethines.  In contrast, higher twisting angles, resulting from steric hindrance 
between the ortho substituents on the N-aryl moiety and azomethine hydrogen, would limit the 
degree of conjugation.  Such twisting was found for homoaryl azomethines (vide supra).  
However, there are few crystallographic accounts relating to thiophene containing 
azomethines.  For this reason, we were motivated to examine the effect of different aryl groups 
connected to thiophenes via an azomethine. This was to provide important information relating 
to the twisting angle between the azomethine and aryl planes as a function of aryl derivatives.  
The crystallographic structures of the azomethines shown in Figure 1-15 were therefore 
resolved. 
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Figure 1-15. Homoaryl azomethines coupled with thiophenes that were investigated by XRD. 
 
The XRD data of 1-38 confirmed that it had a similar mean plane angle to its all 
benzene analogues in Figure 1-15 
67
. The thiophene-azomethine mean plane was twisted by 
86° from the benzene mean plane, which is evidenced in Figure 1-16a 
52
. This was in contrast 
to a twisting angle of only 44
o
 for the analogue of 1-38 having hydrogens in the ortho 
positions 
52
. The large twist angle from coplanarity was a result of the steric hindrance 
between the bulkyl tert-butyl groups in the ortho position and the azomethine hydrogen.  The 
large twist angle suggested that the rotational barrier around aryl-N was extremely high.  This 
was confirmed using theoretical calculations for 1-38, which was used a model compound to 
investigate the origins of the quenched fluorescence of thiophene containing azomethines 
135
. 
The collective XRD data, rotational barrier calculations and quenching studies of 1-38 
confirmed that the quenched fluorescence of thiophene azomethines involved rotational 
deactivation and intramolecular photoinduced electron transfer 
52,54,135-137
. 
The XRD data of 1-38 confirmed that azomethines derived from 2-thiophene 
carboxaldehyde and 6-membered homoarylamines did not afford highly coplanar azomethines.  
This was further supported by the XRD data of both 1-39 and 1-40. The twisting angle 
between the quinoline and the thiophene mean planes of 1-39 was 37.27 (5)° 
138
. The observed 
deviation from coplanarity was once again a result of steric hindrance between the azomethine 
hydrogen and the hydrogen in the 4-position of the quinoline. 
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Fluorene incorporation did not further reduce the twisting between the aryl and 
azomethine mean planes. The measured mean plane angles between the central fluorene and 
its terminal azomethines of 1-40 were 48.06 (7)° and 45.85 (7)° 
54
. The twisting of the mean 
planes for minimizing the steric hindrance between the azomethine hydrogen and those in the 
fluorene 2- and 9-positions is evident in Figure 1-16b. 
 
 
Figure 1-16. a) Face (top) and edge (bottom) view of the crystal structure of 1-38 showing the 
twisting between the benzene and azomethine planes. b) Face (top) and edge (bottom) view of 
the crystal structure of 1-40 illustrating the twisting between the fluorene and azomethine 
planes. 
 
Suitable crystals for XRD analysis were obtained for many of the thiophene derivatives 
from Figures 1-7, 1-10, and 1-13.  The striking difference between the structures resolved for 
the azomethines in these figures and those of 1-38 to 1-40 was the lower torsion angle between 
the thiophene and azomethine planes.  A larger bite angle (126º) between the ortho substituent 
and the azomethine bond was observed for the all-heterocyclic derivatives relative to their 6-
membered aryl counterparts (120º).  In the case of the thiophenoazomethines, the adjacent 
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thiophenes adopted an anti-configuration.  While this arrangement placed the ortho-ester of 
DAT and the azomethine hydrogen in the same plane, they are anti-parallel and they are not 
within contact distance, as seen in Figure 1-17. The differences between the all-thiophene and 
benzyl azomethine derivatives were further evidenced when comparing the crystal structures 
of 1-2 and 1-4 (Figure 1-4). The anti-configuration also encourages favorable intramolecular 
hydrogen bonding between the DAT sulfur and the azomethine hydrogen.  The net effect is 
the absence of steric hindrance between the ortho substituents and the azomethine hydrogen, 
resulting in much higher coplanarity between the thiophenes and azomethines to which they 
are connected 
139,140
.  For example, the torsion between the thiophene and azomethine mean 
planes was 7.25 (11)° for 1-2 
139
. Similarly, reduced mean plane torsion angles were also 
observed for 1-4 and 1-6. In the case of 1-4, the planes of the terminal thiophenes were twisted 
by 9.04 (4)° and 25.07 (6)° from the CH=N- thiophene-N=CH plane 
132,140
. Interestingly, the 
corresponding mean plane torsion angles for 6 were lower, being 2.6° and 8.0° 
117
. In fact, the 
corresponding mean plane angle for the azomethines in Figures 1-7, 1-10, and 1-13 varied 
between 1.9 and 27° 
141-147
. In general, substituents larger than hydrogens can be incorporated 
into the ortho position with minimal effect to the thiophene-azomethine torsion angle. 
Moreover, the reduced mean plane torsion angle of the thiophenoazomethines is in part 
responsible for their increased degree of conjugation relative to their homoaryl counterparts 
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Figure 1-17. a) Face (top) and edge (bottom) view of the crystal structure of 1-2. b) Face (top) 
and edge (bottom) view of the crystal structure of 1-4. 
 
The XRD data for the all-thiophene azomethines suggests that 5-membered 
heterocyclic azomethines should all have low torsions between the aryl and azomethine 
planes.  However, exceptions were observed, especially with certain pyrrole and furan 
azomethine derivatives. In the case of the pyrrole azomethine derivatives, the mean plane 
angle between the pyrrole and azomethine planes was larger than that of the corresponding all-
thiophene counterpart. For example, the mean plane angle between the methyl-pyrrole and 
azomethine-thiophene-azomethine planes for 1-12 was 17.06 (4)° 
142
. The larger torsion angle 
was most likely a result of increased steric hindrance between the methyl-pyrrole and the 
azomethine hydrogen, which was suggested by the increased pyrrole disordered observed in 
the XRD. As opposed to the all-thiophene azomethine derivatives that exclusively adopted the 
anti-conformer, the pyrrole-thiophene adopted a mixture of both the anti- and syn conforms. A 
73:27 ratio was found between the syn and anti conformers, with respect to the pyrrole-
thiophene orientation. Interestingly, the pyrroles of 1-21 were highly ordered. However, it had 
mean plane torsion angles that were 14.44 (4)° and 27.30 (7)° 
128
. The twisting of the pyrrole 
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from the azomethine plane was also found even with the N-H pyrrole 1-19. The dihedral 
angles between the pyrroles and the thiophene were 10.31 (4)° and 18.90 (5)º 141. In contrast, 
the heterocycles and the azomethines of the unsymmetric 1-15 were coplanar, with mean plane 
torsion angles of 2.3 (2)° and 2.5 (3)° 
144
. 
Torsional angles between the heterocyclic and azomethine planes for the furan 
derivatives were also consistently lower than their 6-membered homoaryl counterparts. The 
mean plane for the furan in 1-11 was twisted by only 2.51 (4)° from the azomethine-thiophene 
mean plane 
143
. This was in contrast to 1-16 whose furan mean planes angles were twisted by 
7.33 (4)° and 21.74 (5)° from the azomethine mean plane 
145
. Different torsional angles for the 
two terminal heterocycles were similarly observed with 1-4.  This was in contrast to 1-23 
where the mean plane angles of both the furan and N-methyl pyrrole with respect to the 
azomethine-thiophene mean plane were essentially identical; 18.0 (2)° and 18.8 (2)° 
125
. The 
lowest torsion angle was observed with the EDOT derivative 1-25, whose deviation from 
coplanarity was only 1.9 (3)° 
146
. 
The crystal lattice organization for the all-thiophene azomethines was similar. They 
were all highly crystalline owing to many intra- and intermolecular interactions. For example, 
both 1-4 and 1-6 had intramolecular hydrogen bonding between the sulfur of the central 
thiophene and the azomethine hydrogen (vide supra). Despite their similarities, they differed 
in their packing arrangement. 1-4 adopted a ladder-type configuration that resulted from 
intermolecular hydrogen bonding between the hydrogen in the 3-position of the external 
thiophene and the ester oxygen. -Stacking also occurred between the thiophenes and the 
azomethine in addition to C-H- interactions. This lead to a densely packed network with each 
thiophenoazomethine packed in an anti-parallel arrangement 
132
. Similarly, hydrogen bonding 
was also found for 1-6. However, these interactions took place between the ester hydrogen and 
the ester oxygen of different molecules. Hydrogen bonding between the ester oxygen and the 
azomethine hydrogen were also found. In contrast to 1-4, -stacking was observed between 
the bithiophenes for 1-6 
117
. 
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Figure 1-18. Crystal lattice packing of 1-4 (top) and 1-6 (bottom). 
 
The observed packing differences in the solid state were a result of subtle structural 
modifications that led to different intra- and intermolecular interactions. For example, the N-
methylpyrrole derivatives 1-12 and 1-21 were found to have -stacking between the 
intercalated thiophenes in addition to hydrogen bonding between the terminal amine and the 
ester hydrogen for 1-12 and the esters for 1-21.  These led to a herringbone packing structure.  
This is in contrast to the N-H pyrrole derivative 1-19 where -stacking was not observed in its 
herringbone type crystal packing. The strong N-H hydrogen donor site of the pyrrole was a 
 73 
driving force for the crystallization of 1-19 via N-H···O and N-H···N donor-acceptor 
interactions. C-H···N and C-H···O interactions were also observed. Meanwhile, the 
unsymmetric 1-15 showed no hydrogen-bonding and only -stacking in the crystal lattice. 
Additional intermolecular interactions were also observed with the various heterocyclic 
azomethines including sulfur-hydrogen, hydrogen bonding, and heteroatom-aryl 
intermolecular interactions involving the heteroatoms of the different heterocycles.  The 
collective XRD data confirmed that the exact crystal packing cannot be predicted owing to 
intra- and intermolecular interactions that are specific to each heterocycle.  Nevertheless, these 
interactions play important roles not only in making the azomethines crystalline, but also for 
their high degree of conjugation and their enhanced optical properties relative to their all-
carbon counterparts 
The C=N bond length was another interesting property that could accurately be 
assessed from the XRD data. This was of important given that the CH=N and CH=CH bonds 
are assumed to be isoelectronic. The XRD data of the heterocyclic azomethines was 
consistently found to be ca. 1.27 Å. Within experimental error, the length of the azomethine 
bond was marginally shorter than its vinylene counterpart, whose CH=CH bond length was 1.3 
Å. 
148
 
Thiophene Polyazomethines 
In pursuing the use of mild conditions for preparing conjugated azomethines, we 
applied the method used for the preparation of small molecule azomethines to prepare 
polymers.  The objective was to prepare the polymer 1-41 (Figure 1-19) and its derivatives 
consisting uniquely of thiophenes.  Motivation for the preparation of 1-41 and its derivatives 
was due in part to the fact that such polymers had not previously been reported; especially 
those derived from DAT. Similar to the thiophene dyad and triad azomethines, enhanced 
optical and electrochemical properties were expected with 1-41 relative to polyazomethines 
derived from phenylene diamine. The additional advantage expected of 1-41 was its limited 
intermolecular -stacking.  This would make it more soluble in common organic solvents 
compared to its homoaryl counterparts that have limited solubility in N,N-dimethylacetamide 
and N,N-dimethylformamide 
65,149-151
. The C10 alkylated thiophene dialdehyde was used as the 
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comonomer with DAT to ensure that 1-41 was soluble in common solvents, allowing it to be 
subsequently characterized. Of particular interest was measuring the polymer molecular 
weight by standard techniques, which was challenging with homoraryl polyazomethines. 
The targeted 1-41 was successfully polymerized under reduced pressure in refluxing 
chloroform with a catalytic amount of TFA 
152
. This was in contrast to previously reported 
methods of homoaryl azomethine polymerization that required TiCl4, organic bases, polar 
solvents, and high boiling temperatures 
153
. The advantages of the mild polymerization of 1-41 
was that the resulting polymer would be used as-is. It did not require purification since there 
are no by-products.  Alternatively, it could be precipitated in methanol to remove lower 
molecular oligomers and then redissolved in common organic solvents including THF, 
dichloromethane, acetonitrile, and chloroform.  The added advantage of 1-41 being soluble in 
both THF and chloroform is that its molecular weight could be measured both by GPC and 
NMR.  Both characterization methods were consistent and they confirmed that 1-41 was a 
polymer having Mn of 15 kg/mol and a PDI of 1.3 
154
. The polymerization of 1-41 was found 
to follow standard step-growth polymerization and not undergo dynamic component exchange.  
The latter is typical for imine containing polymers 
155-159
. 
 
Figure 1-19. Polymerization scheme of 1-41. 
 
The electrochemical properties of 1-41 were interesting such that it could be oxidized 
and reduced. This makes it an interesting p- and n-type material. The measured energy gap 
from electrochemistry was 1.5 eV, but it had a sufficiently high Epa to be air stable. Its LUMO 
energy level (-3.8 eV) was found to be compatible with the standard acceptor material used in 
organic photovoltaics, PC60BM. Similarly, the HOMO energy level (-4.8 eV) of 1-41 was 
compatible with the commonly used ITO anode.  The collective electrochemical properties, 
taken together with the broad absorbance in the visible region ranging between 400 and 800 
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nm, make 1-41 an interesting photoactive layer for photovoltaic applications.  Meanwhile, its 
strong absorbance in the visible range and its reversible oxidation were exploited for 
electrochromic applications 
160
. 
Step-growth polymers possess complementary termini that can undergo polymerization 
reactions.  While this was demonstrated with other step-growth polymers 
161-163
, it had not 
been reported for polyazomethines.  It was found that the molecular weight of 1-41 could be 
increased.  This was possible by taking pristine 1-41, isolated by precipitation, and dissolving 
the resulting powder in THF. Molecular weight increase was possible through 
repolymerization of 1-41 by reheating it with a catalyst. 
The reactivity of the terminal aldehyde of 1-41 was also exploited for 
postpolymerization functionalization.  The terminal aldehyde underwent reductive amination 
with a yellow amino-dansyl dye to change the original color of the polymer from blue to 
green. The molecular weight of the polymers could also be increased via reductive amination 
of the terminal aldehyde with ,-dodecyl diamine. The robustness of the conjugated 
azomethines along the polymer backbone was epitomized by its resistance towards reduction 
during the selective reductive amination reaction involving the terminal aldehyde 
164
.  
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 Summary and Future Prospects 
The highly -conjugated azomethines consisting entirely of 5-membered heterocycles 
serve to illustrate that robust materials having properties suitable for opto-electronic 
applications are possible.  The properties can be readily tailored via simple structural changes 
such as the number of azomethines, type of aryl heterocycle, and by incorporating various 
electronic groups.  With colors spanning 250 nm across the visible spectrum and reversible 
oxidation, azomethines are ideal candidates for electrochromic applications.  Meanwhile, the 
ease of azomethine preparation and minimal purification make them suitable alternate 
replacements for vinylene counterparts, especially in light of their oxidative, hydrolytic, and 
reductive robustness.  The broad range of properties that can be tuned by straightforward 
structural modification makes azomethines interesting as universal functional materials.  The 
azomethine property tuning is further interesting in that the opto-electronic properties can be 
tailored to meet the performance requirements for a wide gamut of applications and devices.  
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Résumé du chapitre 
Ce chapitre s’inscrit à la suite de l’introduction des différentes techniques de 
modulations des propriétés opto-électroniques des matériaux conjugués faits à base d’unités 
azométhines, puisqu’il y décrit certains des principes expliqués précédemment. Effectivement, 
ici est présenté le premier exemple de dérivé d’azométhines fait à partir d’un groupement 
électro-donneur, le 3,4-éthylènedioxythiophène (EDOT). Ce groupement est grandement 
utilisé dans les matériaux conjugués grâce à sa facilité de fonctionnalisation, son caractère de 
donneur d’électron et son bas potentiel d’oxydation. Ici, l’effet de l’ajout du EDOT dans des 
trimères azométhines est analysé et les propriétés opto-électroniques d’un trimère en 
particulier sont comparées avec celles de trimères fait à partir uniquement d’unités thiophènes. 
Les effets électro-donneurs sur l’absorbance, la fluorescence et les potentiels d’oxydation de 
ce trimère sont décrits extensivement. La résolution de la structure rayon-X du trimère est 
aussi présentée. 
Comme l’objectif principal de cette thèse est d’incorporer des azométhines dans des 
dispositifs électrochromiques, la spectroélectrochimie du trimère de EDOT en solution est 
analysée ici. Il est intéressant de voir que plusieurs couleurs peuvent être obtenues lors de 
multiples oxydations, menant à du polyélectrochromisme. L’oxydation chimique du composé, 
avec du chlorure de fer (FeCl3) est aussi présentée afin de comparer les oxydations de type 
chimique et électrochimique. Encore une fois, plusieurs couleurs peuvent être observées lors 
de cette oxydation. 
Ainsi, cet article démontre les premiers pas effectués dans la recherche sur les 
composés azométhines faits à base d’EDOT. Les données prouvent que ce type de composé 
pourrait éventuellement être utilisé dans des dispositifs électrochromes et apporte des 
informations supplémentaires sur la possibilité de moduler les propriétés opto-électroniques 
des petites molécules.  
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Abstract 
An azomethine derived from EDOT segments was easily prepared and exhibited 
reversible oxidation. The spectroelectrochemical behavior of this EDOT containing 
azomethine was observed as intense colour changes for the oxidized products relative to the 
neutral form. Multiple reversible colours states were observed with the anodically and 
hydrolytically stable azomethine upon electrochemical and chemical oxidation.  
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Introduction 
Polymers derived from EDOT (2-1) have been widely used in plastic electronics in part 
owing to their low oxidation and their capacity to be electropolymerized without defects.
1-5
 
Polymers derived from 1 have additionally found uses in electrochromic devices as a result of 
intrinsic contrasting colours between the neutral and oxidized forms concomitant with forming 
stable intermediates.
6
 Although their colour states occur within the visible spectra, their range 
of colours is limited and they do not address the needs of current consumer electronics. New 
electrochromic materials with expanded palette of colours are thus required to meet the 
demands of new electrochromic devices.
7
 Such desired properties are possible by 
incorporating electron donor and/or acceptor segments between EDOT moieties.
8
  The spectral 
properties of aryl–aryl type polymers are nevertheless limited because of reduced conjugation 
resulting from torsional interaction between donor–acceptor segments. Increased conjugation 
giving rise to an extended array of colours is possible by incorporating vinylene linkages.
9
 
Incorporating such unsaturated linkages between the electroactive EDOT moieties can be done 
by Gilch and Horner-Emmons protocols.
10,11
 These vinylene connections not only require 
stringent reaction conditions, but they also produce signiﬁcant amounts of undesired by-
products. Product puriﬁcation is therefore essential in order not to compromise the materials’ 
colour and performance. Alternate straightforward coupling methods are hence desired for 
preparing new electrochromic materials.  
Aryl connections using azomethines (–N=CH–) are ideal alternatives to vinylene 
linkages. This is in part owing to their isoelectronic character of their carbon counterparts.
12
 
Moreover, since water is the only by-product produced and stringent reaction conditions are 
not required for their preparation, little or no product puriﬁcation is required. Azomethine 
synthesis is therefore straightforward and simpler than their vinylene counterparts. 
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An added advantage of azomethines relative to their carbon counterparts is that they 
can be both oxidized and reduced, courtesy of the heteroatomic bond, conferring them p-and 
n-type properties. This is in contrast to their vinylene analogues that are predominately p-type 
materials.
13-16
 Despite these advantages, azomethines have been overlooked as functional 
materials because they are assumed to be hydrolytically, anodically, and reductively unstable. 
However, robust bonds that are resistant to acid hydrolysis, oxidation and reduction are 
possible with azomethines derived from thiophene precursors.
14,15,17,18
   Unfortunately, the 
oxidized intermediates of previously investigated homoaryl azomethines are anodically 
unstable and they do not exhibit visible and reversible colour changes between their neutral 
and oxidized states.
19-21
Therefore, stable azomethines that can be reversibly oxidized and that 
exhibit large spectral changes between their neutral and oxidized states are required for 
demonstrating the suitability of azomethines as functional materials. Herein, we present the 
ﬁrst example of a stable conjugated EDOT azomethine derivative (2-2) exhibiting signiﬁcant 
colour changes upon electrochemical and chemical oxidation (Chart 2-1). This model 
compound was prepared as a proof-of-concept for demonstrating not only that azomethines are 
suitable as functional materials, but also that they exhibit similar spectroelectrochemical 
behavior as their carbon counterparts. With the advantage of ease of synthesis and puriﬁcation, 
azomethines would be viable alternatives to vinylene materials provided they exhibit 
comparable properties to their all carbon cousins.  
 
 
 
Chart 2-1. EDOT, EDOT azomethine derivative examined and a representative azomethine 
analogue. 
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Experimental Section 
General procedures 
All reagents were commercially available and were used as received unless otherwise 
stated. Anhydrous and deaerated solvents were obtained from an aluminium solvent 
puriﬁcation system by Glass Contour. 1H NMR and 13C NMR spectra were recorded on a 400 
MHz spectrometer with the appropriate deuterated solvents.  
Spectroscopic measurements  
The absorption measurements were done on a Varian Cary 500 spectrometer and the 
ﬂuorescence studies were performed on an Edinburgh Instruments FLS-920 ﬂuorimeter after 
deaerating the samples thoroughly with nitrogen for 20 minutes.  
Electrochemical measurements  
Cyclic voltammetry measurements were done on a Bio Analytical potentiostat system. 
Compounds were dissolved in anhydrous and deaerated dichloromethane at 10
-4
 M with 0.1 M 
NBu4PF6. A platinum electrode was used as the working electrode along with a silver wire as 
the auxiliary electrode and an Ag/AgCl electrode as the reference electrode.  
Spectroelectrochemical measurements  
Spectroelectrochemical measurements were done by coupling the potentiostat with the 
spectrometer using a cuvette designed for this experiment and a platinum mesh electrode as 
the working electrode. The other parameters are the same as in normal cyclic voltammetry 
experiments as per above.  
Crystal structure determination  
Diffraction data for 2-2 were collected on a Bruker FR591 diffractometer using 
graphite-monochromatized CuKa radiation with 1.54178 Ǻ (Table 2-1). The structures were 
solved by direct methods (SHELXS97). All non-hydrogen atoms were refined based on Fobs2 
(SHELXS97), while hydrogen atoms were refined on calculated positions with fixed isotropic 
U, using riding model techniques. 
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Table 2-1. Details of the crystal structure determination for 2-2.
 
Formula 2(C28H30N4O10S3), C4H8O 
Mw (g/mol) 1429.64 
F(000) 1496 
Crystal color and form Red plate 
Crystal size/ mm 0.14 x 0.12 x 0.05 
T (K) 150 (2) 
dcalcd. (g/cm
3
) 1.375 
Crystal System Triclinic 
Space Group P-1 
Unit Cell:  
a (Å) 12.4058(3) 
b (Å) 12.7466(3) 
c (Å) 22.2219(5) 
  (°) 85.946(1) 
  (°) 80.488(1) 
  (°) 86.897(1) 
V (Å
3) 3453.8(1) 
Z 2 
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 range (° 2.02–72.68 
Completeness 0.952 
Reflections  Collected 
/independent 
42 751/8356 
Rint 0.086 
  (mm–1) 2.493 
Abs. Corr. Semi-empirical 
R1(F); wR(F
2
) 
11
 0.0627; 0.1365 
R1(F); wR(F
2
) (all data) 0.0928; 0.1490 
GoF(F
2
) 0.933 
Max. residual e
– 
density 0.501 e A ° 
-
3 
Synthesis  
Diethyl 2,5-diaminothiophene-3,4-dicarboxylate 
22,23
 and the dialdehyde derivative of 
EDOT 
24,25
 required for preparing 2 were synthesized according to previously described 
methods. 
Tetraethyl 5,50-(1E,10E)-(2,3-dihydrothieno[3,4-b][1,4]dioxine-5,7-
diyl)bis(methan-1-yl-1-ylidene)bis(azan-1-yl-1-ylidene)bis(2-aminothiophene-3,4-
dicarboxylate) (2-2). 2,3-Dihydrothieno[3,4-b][1,4]dioxine-5,7-dicarbaldehyde (58 mg, 0.30 
mmol) and 2,5-diaminothiophene-3,4-dicarboxylic acid diethyl ester (228 mg, 0.90 mmol) 
were dissolved in ethanol (20 mL). A catalytic amount of TFA (10 mL, 15 mmol) was added 
after complete dissolution of the reagents. The solution then became dark in colour and a 
precipitate formed. After 16 hours of stirring at room temperature, the precipitated product 
was ﬁltered by vacuum ﬁltration and washed with cold ethanol. The product was isolated as a 
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red solid (137 mg, 67%). 
1
H NMR (acetone-d6): 8.00 (s,2H),7.55(br.s, 2H, NH), 7.54 (br. 
s, 2H, NH), 4.44 (s, 4H), 4.33 (q, 4H, J ¼7.2 Hz), 4.20 (q, 4H, J ¼ 7.2 Hz), 1.40 (t, 6H, J ¼ 7.2 
Hz), 1.27 (t, 6H, J ¼ 7.2 Hz). 
13
C NMR (DMSO-d6):  165.4, 164.0, 161.9, 144.4, 141.0, 
132.9, 130.8, 120.4, 101.2, 66.1, 61.5, 60.4, 15.0, 14.9. HR-MS(+) calculated for 
[C28H30N4O10S3 +H]
+
: 679.11968, found: 679.11825. 
 
Results and discussion. 
Synthesis 
The aminothiophene precursor required for preparing 2-2 was prepared according to previous 
reports.
22,23
 Similarly, the 2,5-dialdehyde derivative of 2-1 was prepared by standard 
formylation using n-BuLi and DMF according to known methods.
24,25
 Azomethine 2-2 was 
prepared by mixing three equivalents of the diaminothiophene precursor with 2,5-EDOT 
dialdehyde at room temperature in ethanol in the presence of catalytic TFA. The desired 
product precipitated after 16 hours of reaction at room temperature and pure 2-2 was obtained 
in high yield. It should be noted that 2-2 was exclusively obtained under the reaction condi-
tions. According to chemical intuition, higher order oligomers or polymers are expected when 
reacting complementary difunctional monomers such as those used for preparing 2-2. 
However, such products were not detected. The imine bond of 2-2 plays a vital role in 
stopping the condensing reaction at the trimer and prevents oligo-and polymerization. The 
electron withdrawing effect of the heteroconjugated bond sufﬁciently reduces the reactivity of 
the terminal amine requiring stringent reaction conditions such as high boiling point solvents, 
Lewis acids, or high reaction temperatures, for forming oligomers and polymers. 
14,22
The 
reaction conditions employed are insufﬁcient to overcome the amine reduced reactivity, 
resulting in the selective formation of 2-2. The trimer is further uniquely formed because it 
immediately precipitates from solution once formed and subsequently cannot react further to 
form any oligomers or polymers. 
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This easy preparation and puriﬁcation of 2-2 is in contrast to its vinylene analogues 
prepared using Wittig protocols that require stringent reagent conditions such as anhydrous 
solvents, inert atmosphere and strong bases. Moreover, vinylene products must be extensively 
puriﬁed for removing the undesired triphenyl phosphine oxide by-products, accounting for 
signiﬁcant weight % of the products formed. In comparison, extreme dehydration protocols 
requiring TiCl4 are required for preparing other azomethines.
26-28
 2-2 is therefore advantageous 
in that it can be both easily prepared and puriﬁed. In addition, the compound is stable under 
ambient conditions, highly resistant to hydrolysis, and is reductively robust (vide infra).  
Spectroelectrochemistry  
Given that previously investigated azomethines including 2-3 do not exhibit stark 
colour changes between their neutral and oxidized forms, the spectroelectrochemistry of 2-2 
was therefore investigated. It should be noted that only transients with long lifetimes, hence 
that are stable and exhibit reversible oxidation are seen with our spectroelectrochemical setup. 
Conversely, highly reactive intermediates cannot be observed by this technique owing to their 
short lifetime and their lack of reversible behaviour, which is the case for 2-2. Upon oxidation, 
the absorption of the neutral form at 530 nm decreases concomitant with a new absorption 
seen at 770 nm from the oxidized form. As seen in Figure 2-1, the oxidation of the azomethine 
results in the formation of oxidized intermediates whose absorption is bathochromically 
shifted by 100 nm relative to the neutral form. Given that the neutral form absorbs in the 
visible region, signiﬁcant colour changes occur when the oxidized state is generated. This is 
seen in the bottom panels of Figure 2-1, where 2-2 undergoes a colour change from red to 
green upon electrochemical oxidation. Interestingly, 2-2 can be further oxidized to blue and 
the colour eventually bleaches upon further oxidation. The series of anodically induced colour 
changes is reversible with the initial absorbance and intensity of the neutral form being 
restored upon reduction with either hydrazine or by applying a potential of -100 mV. The 
absence of decomposition products and hence the reversible oxidation–reduction is evidenced 
by the isosbestic point observed at 585 nm, conﬁrming that only two species are present; the 
neutral and oxidized forms. The wide range of colours possible with the EDOT azomethine is 
in contrast to other azomethines that are not only irreversibly oxidized, but they also do not 
exhibit any stark colour transitions between their neutral and oxidized states.
29
 In fact, the 
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colours exhibited by 2-2 surpass those of its polymeric carbon counterpart for which visible-
to-transparent colour changes are challenging to achieve.
30-32
 This is particularly true for the 
vinylene counterparts of similar degree of conjugation as 2-2.  
 
Figure 2-1. Top panel: spectroelectrochemistry of 2-2 with applied potentials of 1.2 V after 0 
(), 1 (), 2 (), 3 (), 4 () and 20 () min in dichloromethane. Inset: cyclic 
voltammogram of 2 in 0.1 M TBAPF6 in anhydrous dichloromethane measured at 2 V min
-1
 
cycling between 0 and 2V. Bottom panel: consecutive reversible colour changes occurring at 
platinum mesh electrode with oxidation. 
 As seen in the inset of Figure 2-1, 2-2 is reversibly oxidized. This is in contrast to 
other azomethines that undergo irreversible oxidation as a result of imine decomposition or 
anodic polymerization.
33-35
 Reversible oxidation was concluded based on the electrochemical 
data that respected the ipa/ipc = 1 relationship, satisfying the classic deﬁnition of 
electrochemical reversibility.
36-38
 The number of electrons transferred in the oxidation process 
was calculated from the cyclic voltammogram according to Epa -Epc =0.59 mV per electron, 
and was found to be 1. The stability of the intermediate generated is also conﬁrmed by the lack 
of change in the cyclic voltammogram with repeated cycling between 0 and +2 V. The lower 
limit lifetime of the radical cation generated by the one electron transfer process can also be 
estimated from the cyclic voltammetry data being ca. 2s.  
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The reversible anodic behavior observed for 2-2 conﬁrms that the imine bond is 
oxidatively resistant. Substitution on the structure plays an important role in whether 
reversible oxidation is possible. This is evidenced by the irreversible oxidation of 2-3, 
differing from 2-2 by the absence of substitution in the 2,2’ terminal positions, to the sulfur 
atoms. Substitution in the terminal positions of the azomethines prevents homo-coupling of the 
radical cations, which otherwise yields polymers by standard anodic polymerization 
means.
39,40
 The reversible anodic behavior nonetheless conﬁrms that the azomethine bond is 
anodically resistant and that both the oxidized and the neutral states are stable. Moreover, the 
anodic reversibility is contingent on structure and electronic effects, affording the means of 
tailoring the electrochemical properties and colours of both the neutral and the oxidized 
states.
41,42
 
Chemical oxidation  
Chemical doping of 2-2 was pursued in order to investigate the stability of the oxidized 
intermediates and examine the range of possible colour changes. This is important because the 
spectroelectrochemical studies only conﬁrm that the oxidized species of 2-2 are 
spectroscopically different from the neutral form. Since diffusion is minimized in the 
spectroelectrochemical setup, no information relating to the long term stability of the oxidized 
intermediates is possible. The standard oxidant FeCl3 was used because it is spectroscopically 
invisible in the window used for the absorbance measurements for 2-2. It also transfers one 
electron allowing spectroscopic characterization of the oxidized products formed. The addition 
of FeCl3 to 2-2 in dichloromethane induces signiﬁcant colour changes. As seen in Figure 2-2, 
the absorbance at 510 nm, corresponding to the neutral state of 2-2, decreases concomitant 
with the formation of a new peak at 700 nm. The latter increases in intensity with increasing 
amount of added FeCl3. Only after addition of 2.5 equivalents of oxidant does a new 
absorbance at 870 nm appear. It should be noted that no special precautions such as anhydrous 
solvents or inert atmosphere were employed for the measurements. It can be concluded that 
the oxidized species are stable since their colour is persistent and does not dissipate with time, 
which otherwise is indicative of decomposition. The stability of 2-2 and its oxidized form is 
further epitomized by the absence of change in absorbance intensity with the addition of 
hydrazine. Neither the colour nor absorption intensity of 2-2 changed from its original colour 
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and absorbance upon reducing its oxidized state with hydrazine hydrate. In fact, many 
oxidation–reduction cycles could be consecutively done without signiﬁcant change in intensity 
or colour. This not only conﬁrms the robustness of the azomethine bond, but also demonstrates 
the stability of the oxidized specie. This is in contrast to other azomethines that decompose 
under similar conditions.
43-45
 Although many compounds undergo colour changes when 
oxidized, the heterocyclic azomethine shown is the ﬁrst reported example that can be 
repeatedly oxidized and reduced without decomposition and further demonstrates that colour 
tuning is possible. The clear isosbestic point observed at 580 nm indicates the interdependence 
of 2-2 and its oxidized form and further conﬁrms the absence of any decomposition of either 
the neutral or the oxidized species. The EDOT azomethine is nonetheless suitable as 
functional material in part as a result of its unprecedented reversible anodic behavior 
concomitant with the colour tuning of both the neutral and the oxidized states, which are 
essential properties for electrochromic materials. 
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Figure 2-2. Absorbance change of 2-2 with the addition of 0 (black), 0.1 (red), 0.2 (blue), 0.3 
(olive), 0.4 (orange), 0.5 (purple), 0.6 (dark cyan), 0.7 (dark yellow), 0.8 (navy) and 1.0 (wine) 
equivalents of FeCl3 in dichloromethane. Inset: Job plot of 2-2 with varying mole fraction of 
FeCl3 observed at 702 nm. 
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The number of electrons participating in the oxidation process was determined by the 
Job method. As seen in the inset of Figure 2-2, the mole fraction of FeCl3/2-2 corresponding to 
the maximum absorbance is 0.67. Since ferric chloride is a one-electron oxidant, the 2: 1 
FeCl3: 2-2 stoichiometry derived from the Job method implies that 2-2 is doubly oxidized to 
the dication. The stoichiometry derived from the Job’s method concomitant with the single 
spectroelectrochemical isosbestic point and the number of electrons transferred with ferric 
chloride suggest that 2-2 is ﬁrst chemically oxidized to the radical cation via a one-electron 
transfer. This unstable intermediate is then immediately oxidized by another one-electron 
process to form the more stable dication, which is spectroscopically detected and is 
responsible for the stark visible colour changes. The rapid consecutive two-step two electron 
chemical oxidation is in contrast to the electrochemical oxidation that leads to a stable radical 
cation via a one-electron transfer process, which can be further oxidized. Different inter-
mediates can therefore be obtained via different oxidation states as seen in the bottom panel of 
Figure 2-1. 
One-electron electrochemical oxidation generating the radical cation results in a green 
colour. Further oxidation resulting in the dication gives rise to a 10 nm bathochromic shift and 
a blue colour. Additional electrochemical oxidation bleaches the colour such that 2-2 becomes 
transparent. Each intermediate can be reversibly generated and the original neutral 2-2 can be 
restored to its original colour and intensity upon complete reduction. The azomethine 
examined therefore has a four-colour state. This is in contrast to other azomethines that either 
are limited to a two-color state 
22
 or decompose when oxidized.
43-45
 The multiple colour states 
exhibited by 2 are comparable to its all carbon counterparts. Not only are such states desirable 
for electrochromic applications, but they also further demonstrate the suitability of 
azomethines as new functional materials.
32,46,47
 Azomethines are therefore attractive 
alternatives to vinylene functional materials given their similar properties and their ease of 
preparation and puriﬁcation.  
The collective electronic effects of the EDOT and amino electron donors on the 
azomethine trimers’ properties are apparent when comparing the oxidation potentials (Epa) 
and spectroscopic data of 2-2 and 2-3 (Table 2-2). The Epa of 2-2 is 250 mV less positive than 
2-3 concomitant with a 70 nm bathochromic shift for both the absorption and the ﬂuorescence 
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as a result of the electronic effects. The effect is further seen in both the reduction potential 
(Epc) and the energy-gap (Eg) of 2-2 that is 300 mV less relative to 2-3. It should be noted that 
a one-electron cathodic process was observed for both 2-2 and 2-3. The anodic and cathodic 
processes conﬁrm that the compounds are both n-and p-type materials. Meanwhile, it can be 
concluded that the imine bond is not reduced since this is a two-electron process.  
 
Table 2-2. Spectroscopic and electrochemical data measured in anhydrous dichloromethane. 
Compound abs / nm fl / nm Epa
a 
/ V Epc
a
 / V Eg
b
 / eV Reversibility
c
 
2-2 510 595 0.75 -1.00 1.6 Yes 
2-3
d
  440 534 1.00 -1.30 2.2 No 
a
 Electrochemical potential vs. saturated Ag/Ag
+ 
electrode. 
b
 Electrochemical band-gaps derived from Epa and Epc 
according to Epa - Epc + 0.4. 
c  
Refers to oxidized intermediate. 
d
 Refers to oxidized intermediate; ref 17.  
 
The high degree of conjugation of 2-2 is evidenced by the strong absorption in the 
visible region (Figure 2-3) at 510 nm. This is a result of the high degree of coplanarity of the 
thiophenes and the imine bond (vide infra).
14
 This is in contrast to their homoaryl azomethine 
counterparts that absorb only at ca. 300 nm, owing to their limited degree of conjugation and 
twisting between the aryl and imine planes.
43,48,49
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Figure 2-3. Normalized absorbance () and emission () of 2-2 in dichloromethane. 
X-Ray crystal structure  
Single crystals of 2-2 suitable for X-ray diffraction were obtained by slow evaporation 
in THF. Not only does the X-ray analysis conﬁrm that the structure of 2-2 consists of two 
diaminothiophene and one ethylenedioxythiophene moieties, but it also conﬁrms the E 
conformation of the heteroatomic bond (Figure 2-4, top). Absolute assignment of the 
geometric isomer of this bond is not possible by other standard characterization methods. 
Although there are two discrete molecules per crystal lattice, they are nearly identical. The 
crystal structure further shows that the mean planes described by the thiophenes and the 
azomethines are nearly coplanar. The angles between the planes formed by the aromatic 
moieties are 8.6(1)° and 6.5(1)° for the ﬁrst molecule and 23.5(1)° and 4.6(1)° for the second. 
This near coplanarity of the aryl–azomethine planes taken together with the anti-parallel 
arrangement of the thiophenes confer an inherent high degree of conjugation to 2-2 as 
evidenced by its strong absorbance in the visible region observed with the spectroscopic 
methods (Figure 2-3, Table 2-2). This is in contrast to its homoaryl counterpart whose aryl–
azomethine planes are twisted by up to 65° resulting in limited degree of conjugation 
demonstrated by its maximum absorbance occurring ca. 300 nm.
35-37
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Figure 2-4. Upper : face view with numbering scheme for the X-ray diffraction analysis of 2-
2. Lower: edge view showing the coplanarity of the mean planes described by the thiophenes 
and the azomethines. 
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 Intra-and intermolecular hydrogen bonding are present for 2-2 involving the 
terminal NH2 group. Figure 2-5 shows the different H-bonding within the structure being N14-
H14B··· O24i, N11-H11B··· O28ii and N11-H11A··· O25iii. The distances and the angles for 
these interactions are 2.858(1) Ǻ, 2.919(1) Ǻ, 3.043 A˚ and 163°, 168°, 105°, respectively. 
Fig. 2-5 also illustrates the zig-zag arrangement adopted by the two molecules within the 
crystal lattice. -Stacking also occurs between two molecules (ii and iii). The distance between 
the planes of the aromatic rings of the molecules was 3.557(6) Ǻ.  
 
 
 
Figure 2-5. 3D arrangement of the molecules showing intra- and intermolecular H-bonding 
and -stacking [Symmetry codes (i) x-1, y, z; (ii) x, y, z-1; (iii) 1-x, 1-y, 1-z] 
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Conclusion 
In conclusion, it was demonstrated that an azomethine with tuneable electrochromic 
properties is possible by incorporating an EDOT segment. Not only is reversible oxidation 
possible, but multiple colour states of the oxidized forms are also achievable. The azomethine 
example serves as a proof-of-concept illustrating that heterocyclic imines are viable functional 
materials. Moreover, they exhibit a range of colours often difﬁcult to achieve with the carbon 
counterparts while colour tuning and oxidation potential are contingent on structure. Although, 
the azomethine presented exhibits comparable electrochemical and spectroelectrochemical 
properties to its carbon counterparts, the latter have beneﬁtted from over 20 years of property 
optimization. With similar optimization, electrochromic, electrochemical and colour properties 
surpassing vinylene derivatives are expected. Nonetheless, the heterocyclic azomethine 
presented is suitable as functional materials in part as a result of its reversible anodic behavior 
concomitant with the colour tuning of both the neutral and the oxidized states. Taking into 
account the similar properties compared to their carbon counterparts together with its ease of 
synthesis and puriﬁcation, the azomethine presented is a potentially attractive alternative to 
currently used vinylene compounds for electrochromic materials.  
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Chapitre 3 
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Résumé du chapitre 
Ce chapitre est une suite directe du chapitre précédent. Effectivement, comme les résultats 
préliminaires sur l’introduction des dérivés EDOT dans un trimère fait à base de thiophènes et de 
liens azométhines semblent prometteurs pour la modulation des propriétés opto-électroniques 
ainsi que pour les propriétés spectroélectrochimiques, des recherches plus approfondies sur les 
comportements de tels composés sont de mise. Ainsi, deux autres trimères contenant des unités 
EDOT ont été synthétisés. Ces derniers ont été imaginés de façon à pouvoir interpréter l’effet de 
la position de l’EDOT dans la molécule (soit au centre ou en périphérie), ainsi que l’effet du 
nombre d’unités sur les propriétés photophysiques et électrochimiques des matériaux. Des 
conclusions sur l’effet de ce groupement électro donneur sont apportées. 
De plus, cet article décrit de manière plus approfondie la stabilité des composés 
azométhines lorsque ceux-ci sont oxydés soit chimiquement, soit électrochimiquement. Il sera 
démontré que les azométhines, contrairement à ce qui est habituellement supposé, sont en fait des 
matériaux qui résistent à des traitements dans des conditions ardues.  
Finalement, cet article démontre les premiers essais de polymérisation sur la surface de 
composés azométhines, soit par électropolymérisation ou par polymérisation catalysée par du 
TFA. Les polymères obtenus seront caractérisés et il sera démontré que ceux-ci possèdent des 
propriétés opto-électroniques adéquates pour leur incorporation dans des dispositifs 
d’électronique plastique. Ces techniques de polymérisation, comme mentionné dans 
l’introduction, ont mené à une grande ouverture sur la recherche des polymères azométhines sur 
les surfaces. Bien que les techniques de polymérisation aient été optimisées à la suite de cet 
article, ce dernier reste une preuve de concept que la polymérisation sur surface fonctionne.  
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Abstract 
A series of EDOT (3,4-ethylenedioxythiophene) containing  azomethines  were prepared  
for investigating  their opto-electronic properties.  These properties were compared to those of 
their thiophene azomethine  counterparts and it was found that incorporating the EDOT  moiety 
resulted in a 30 nm bathochromic shift in the absorbance. Meanwhile, the oxidation potential 
(Epa)  could be reduced by 100 mV by incorporating the electron rich moiety. Cyclic voltammetry 
revealed a one- electron oxidation process, resulting in a radical cation. This intermediate was 
stable when the azomethines contained amines in the 2, 2’ -positions, evidenced by the reversible 
oxidation  in cyclic voltammetry. In contrast, the radical cation was irreversible when the 2, 2’ -
positions  were unsubstituted. It was found that the resulting radical cation was coupled by 
standard anodic polymerisation to form a polymer that was physisorbed onto the ITO electrode. 
The resulting polymer was mauve in colour with a max of 515 nm and a degree of 
polymerization of ca. 5. This was spectroscopically determined relative to an EDOT 
polyazomethine derivative and a soluble thiophene polyazomethine. The stability of the EDOT 
azomethine derivatives towards electrochemical and chemical oxidation was also 
spectroscopically investigated.  It was found that the resulting radical cation exhibited a ca. 100 
nm bathochromic shift in absorbance relative to the neutral form and reversible colour switching 
between the neutral and oxidized states was possible. Chemical doping with FeCl3 generated a 
stable dication. High contrast colours between the neutral and oxidized states of the azomethines 
were observed. Multiple oxidation/neutralization cycles were possible without detectable colour 
deterioration, demonstrating the chemical robustness of the conjugated azomethines towards 
oxidative decomposition and hydrolysis. 
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Introduction 
EDOT (3, 4-ethylenedioxythiophene) is a versatile monomer that has been extensively 
used in the preparation of functional materials.
1-4
 This is in part owing to its low oxidation 
potential relative to its thiophene counterpart. The electron donating dialkoxy  ethylene  group  
also  plays  an  integral  part  in hole injection and charge carrier properties  that are accessible at 
low potentials.
5
 The electron richness of EDOT further confers interesting optical properties 
when incorporating EDOT moieties into conjugated materials.  This is especially true when it is 
coupled with electron deficient aryl groups, resulting in an electron donor–acceptor (D–A) 
arrangement.
6-8
 The opto-electronic properties of such D–A type materials are well suited for use 
in plastic electronics, such as organic light emitting diodes (OLEDs),
9,10
 organic   field  effect  
transistors (OFETs),
11
 and organic photovoltaic devices (OPVs),
12
 to name but a few. 
Because of these potential applications, many EDOT containing compounds have been 
prepared to obtain D–A type materials with enhanced opto-electronic properties.13 These 
materials are often prepared using standard aryl coupling protocols such as Suzuki,
14,15
 
Buchwald–Hartwig,16,17 or Stille methods.18,19 These protocols require stringent reaction condi- 
tions for ensuring catalyst reactivity in addition to necessary purifications for product isolation 
and catalyst removal. While enhanced optical properties over their aryl–aryl counterparts are 
possible with  vinylene derivatives,
20
 their  preparation also requires stringent reaction conditions 
and purifications to isolate the desired conjugated materials.
21,22
 New conjugated materials that 
can easily be prepared with comparable or enhanced properties relative to currently available 
materials are of interest. 
Conjugated EDOT derivatives prepared from azomethine linkages (–N=C–) are highly 
interesting alternatives to vinylene functional materials. This is in part a result of their 
isoelectronic character compared to their vinylene counterparts.
23
 Moreover, the inherent electron 
withdrawing character of the azomethine results in colourful materials that absorb intensely 
across the entire visible spectrum, especially when coupled with electron rich moieties.
24-30
 
Importantly, in addition they can be prepared with straightforward protocols without stringent 
reaction conditions.
29,31
 
 111 
Despite their interesting optical properties and synthetic advantages, azomethines have not 
been investigated as functional materials for potential use in opto-electronics. This is in part 
because they are perceived as being hydrolytically and oxidatively unstable. They are further 
understood to be intolerable towards the harsh oxidative and reductive environments within 
working devices.
32-36
 Moreover, previously investigated homoaryl azomethines had limited 
degrees of conjugation, resulting in poor absorbance in the visible spectrum. To demonstrate that 
conjugated azomethines are robust compounds having interesting optical properties that are 
suitable for potential use in plastic electronics, we investigated the EDOT azomethines reported 
in Chart 3-1. More specifically, we investigated the effect of the EDOT moiety on the opto-
electronic properties. The chemical and electrochemical doping of the azomethines was also 
examined to demonstrate their robustness and hydrolytic resistance, contrary to what is 
commonly understood of such heteroatomic compounds. 
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Chart 3-1. Conjugated EDOT azomethine derivatives examined, representative analogues, 
and their precursors. 
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Experimental 
General procedures 
 
All reagents were commercially available and were used as received unless otherwise 
stated. Anhydrous and deaerated solvents were obtained with an activated alumina solvent 
purification system. 
1
H-NMR and 
13
C-NMR spectra were recorded on a 400 MHz spectrometer 
with the appropriate deuterated solvents. 
Spectroscopic measurements 
 
Absorption measurements were done on a Varian Cary 500 spectrometer and fluorescence 
measurements were performed on an Edinburgh Instrument FLS-920 spectrometer after 
deaerating the samples for 20 minutes with dry nitrogen. Measurements were done using quartz 
NSG Precision Glass cuvettes. 
Electrochemical measurements 
 
Cyclic voltammetry measurements were done on a Bio Analytical potentiostat system.  
Compounds were dissolved in anhydrous and deaerated dichloromethane at 10
-4
 M with 0.5 M 
NBu4PF6 as the supporting electrolyte. A platinum electrode was used as the working electrode 
with a platinum wire as the auxiliary electrode and a saturated Ag/AgCl electrode as the reference 
electrode. Ferrocene was added at the end of the analyses to serve as an internal reference. A 
transparent indium tin oxide (ITO) electrode was used as the working electrode for the electro- 
polymerization experiments. All measurements were done in deaerated solutions by degassing the 
solvents with nitrogen for 20 minutes prior to use. Electropolymerisation of the azomethines 3-1 
and 3-3 was done both amperometrically and chronometrically. Azomethine solutions greater 
than 10
-4
 M with the supporting electrolyte were prepared and degassed as above. Between 16 
and 32 cycles of potentials between 0 and 1.2 V were applied to solutions of the given 
azomethine. The resulting immobilized polymer on the ITO electrode was sequentially rinsed 
thoroughly with dichloromethane, 10 wt% triethylamine in dichloromethane and with acetone. 
This was to ensure that no residual monomer was physisorbed to the electrode and that the 
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polymer formed was in its neutral state.  Electropolymerisation was also done by applying  a 
constant  potential  of 1.2 V for 15 min,  after  which  the  ITO  electrode  was rinsed  as above.  
The redox properties of the polymer electropolymerised on the ITO electrode were measured in 
dichloromethane as above and their spectroscopic properties were measured directly on the 
substrate as above. 
 
Spray coating 
An equimolar solution of 3-7 and 2,3-dihydrothieno[3,4-b][1,4] dioxine-5,7-
dicarbaldehyde in dichloromethane was prepared  at a concentration of 1 mg mL
-1
. The solution 
was charged into the 3 mL reservoir with a Badger airbrush connected to an Aztec compressor. 
The solution was then spray coated onto glass microscope cover slips and the substrates were 
heated at 70 °C under a trifluoroacetic acid saturated atmosphere for 20 minutes. The glass slides 
were removed from the acid saturated environment and cooled to room temperature after a 
homogeneous blue coloured layer was obtained.  The substrate  was then thoroughly rinsed  with  
a  20  wt%  solution   of  triethylamine   in  dichloromethane to remove residual physisorbed 
monomer and low molecular weight oligomers. The absorbance was measured using a Cary 500 
spectrometer and the film thickness of the polymerised layer was measured by reflectance using a 
reflectometer from Semiconsoft, Inc. 
Spectroelectrochemical measurements 
Spectroelectrochemical measurements were done by coupling a potentiostat with a 
spectrometer using a specialised spectroelectrochemical cell from NSG Precision Glass.   This is 
a normal 10 x 10 mm quartz cuvette whose optical path length is tapered to 1 mm in the lower 
half. A 1 mm thick platinum mesh- gauze electrode was used as the working electrode and it was 
inserted into the 1 mm wide optical cell. A platinum counter electrode was placed adjacent to the 
mesh electrode such that it was not in contact with the working electrode. An Ag/AgCl 
(saturated) reference electrode was immersed in the top portion of the spectroelectrochemical cell 
to complete the circuit.  The other parameters were the same as in the electrochemical 
experiments described above. A potential of 1.2 V vs. Ag/AgCl (saturated) was applied and the 
resulting absorbance change was measured with the Cary 500 spectrometer by scanning between 
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300 and 800 nm as a function of time. A potential of 100 mV was applied after completing the 
anodic scan.  The negative potential was applied until the original absorbance of the neutral 
azomethine was obtained.  After which, a potential of 1.2 V was applied again and the change in 
absorbance was monitored over time. The oxidation/neutralisation cycle was repeated multiple 
times. 
Crystal structure determination 
X-Ray diffraction data for 3-3 were collected on a Bruker FR591 diffractometer using a 
graphite-monochromatized CuK radiation with 1.54178 Å. The structure was solved by direct 
methods (SHELXS97). All non-hydrogen atoms were refined based on Fobs2 (SHELXS97), 
while hydrogen atoms were refined on calculated positions with fixed isotropic U, using a riding 
model technique (Table 3-1).  
 
Table 3-1. Details of the crystal structure determination for 3-3.
 
Formula C22H20N2O6S3 
Mw/ gmol
-1
; F(000) 522.30; 541 
Crystal color and form Red plate 
Crystal size/ mm 0.10 x 0.05 x 0.04 
T /K; dcalcd. / gcm
-3
 150 (2); 1.337 
Crystal System Triclinic 
Space Group P-1 
Unit Cell: a (Å) 8.9605(2) 
b (Å) 10.9189(3) 
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c (Å) 14.3701(4) 
  (°) 68.1220(10) 
  (°) 84.327(2) 
  (°) 85.734(2) 
V (Å
3); Z 1297.23(6) ; 8 
 range /°; Completeness 3.32–68.22; 0.952 
Reflections :  Collected 
/independent ; Rint 
20 840/4100; 0.052 
 /mm–1; Abs. Corr. 3.421; semi-empirical 
R1(F); wR(F2) [I > 2s(I)] 0.0674; 0.1864 
R1(F); wR(F
2
) (all data) 0.0895; 0.2004 
GoF(F
2
) 1.077 
Max. residual e
– 
density 1.570 e
-
 Å
-3
 
 
Synthesis 
2,3-Dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde (3-6), 2,5- diaminothiophene-3,4-
dicarboxylic acid  diethyl ester  (3-7),2,3-dihydro-thieno[3,4-b][1,4]dioxine-5,7-dicarbaldehyde 
and 2- amino-5-[(2,3-dihydro-thieno[3,4-b][1,4]dioxin-5-ylmethylene)- amino]-thiophene-3,4-
dicarboxylic acid diethyl ester (3-2) were synthesised by previously described methods.
25,37
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Diethyl-2,5-bis((E)-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)- methyleneamino) 
thiophene-3,4-dicarboxylate  (3-1). Both  3-6 (112.3 mg, 0.66 mmol)  and  3-7 (77.3 mg, 0.3 
mmol)  were dissolved  in toluene  (20 mL) followed by the addition  of DABCO  (268 mg,2.4 
mmol) and titanium  tetrachloride (1 M, 0.6 mL). The reaction mixture was refluxed for 3 h, 
concentrated, and then redissolved in acetone.  The solution was filtered and the solvent was 
evaporated. The crude product was loaded onto a silica column and eluted with hexane/ethyl 
acetate, up to 70%/30% v/v. The product was a red solid (169 mg, 70%). The decomposition 
temperature was 179–181 ºC. 1H-NMR (acetone-d6):  = 8.55 (s, 2H), 6.88 (s, 2H), 4.46 (t, 4H, 
J= 2 Hz), 4.35 (t, 4H, J=2 Hz), 4.32 (q, 2H, J=7.2 Hz), 1.38 (t, 3H, J= 7.2 Hz). 
13
C-NMR 
(DMSO-d6):  163.4, 149.6, 149.5, 147.8, 142.7, 126.4, 116.2, 109.4, 66.3, 65.3, 61.7,   15.0.   
HRMS (+) calculated for [C24H22N2O8S3 + H] 
+
: 563.05383, found: 563.06110. 
 
2-Amino-5-[(2,3-dihydro-thieno[3,4-b][1,4]dioxin-5-ylmethylene)- amino]-thiophene-
3,4-dicarboxylic acid diethyl ester (3-3A). Both 3-7 (152.3 mg, 0.59 mmol) and 3-6 (99.6 mg, 
0.59 mmol) were dissolved in ethanol (20 mL) before adding a catalytic amount of TFA (10 mL, 
0.15 mmol). The mixture was stirred at room temperature overnight and filtered to give a yellow 
solid (222 mg, 92%). Mp: 219–221 ºC. 1H-NMR (DMSO-d6):  = 7.96 (s, 1H), 7.83 (s, 2H), 6.85 
(s, 1H), 4.33 (m, 4H), 4.13 (q, 2H), 1.29 (t, 3H), 1.20 (t, 3H). 
13
C-NMR (DMSO-d6): d= 164.7, 
163.2, 160.3, 144.3, 141.6, 141.4, 132.2, 128.4, 115.8, 105.1, 99.9, 65.2, 64.4, 60.6, 59.5, 14.2, 
14.1. HRMS (+) calculated for   [C17H8N2O6S2 + H]
+
: 411.06063, found: 411.06790. 
2-[(2,3-Dihydro-thieno[3,4-b][1,4]dioxin-5-ylmethylene)-amino]-5-[(thiophen-2-
ylmethylene)-amino]-thiophene-3,4-dicarboxylic acid  diethyl  ester  (3-3).  2-Thiopheno-
carboxaldehyde  (165  mL, 1.80  mmol)   and   3-3A  (222  mg,  0.54  mmol)   were  dissolved in  
anhydrous toluene  (50 mL)  and  anhydrous THF  (20 mL) before the addition of  DABCO   (448  
mg, 4 mmol) and titanium chloride  (1 M, 1.1 mL).  The reaction   mixture was refluxed under 
nitrogen for 3.5 h. The solvent was then removed and the solid was taken up in absolute ethanol 
followed by sonicating for a couple of hours. The insoluble precipitate was filtered to afford the 
product as a red solid (200 mg, 74%). Mp: 170–171 ºC. 1H-NMR (DMSO-d6):  = 8.75 (s, 1H), 
8.48 (s, 1H),7.92 (d, 1H, J= 5.2 Hz), 7.77 (d, 1H, J= 3.2 Hz), 7.25 (dd, 1H, J = 5.2 Hz, J= 3.2 
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Hz), 7.09 (s, 1H), 4.39 (d, 2H, J= 4.4 Hz),4.30 (d, 2H, J= 4.4 Hz), 4.25 (q, 4H, J= 7.2 Hz), 1.29 
(t, 3H, J= 7.2 Hz), 1.28 (t, 3H, J= 7.2 Hz). 
13
C-NMR (DMSO-d6):   = 163.5, 163.3, 154.6, 150.7, 
150.0, 148.2, 148.1, 142.7, 142.2, 136.4, 134.4, 129.1, 127.5, 125.8, 116.1, 109.6, 66.4, 65.3, 
61.8, 61.7, 15.0, 14.9. HRMS (+) calculated   for [C22H20N2O6S3 + H]
+
: 505.05562, found: 
505.05618. 
Poly(2-amino-5-[(7-formyl-2,3-dihydro-thieno[3,4-b][1,4]dioxin-5-ylmethylene)-
amino]-thiophene-3,4-dicarboxylic acid diethyl ester) (3-P3). 2,3-Dihydro-thieno[3,4-
b][1,4]dioxine-5,7-dicarbaldehyde (10 mg, 0.05 mmol) and 3-7 (13 mg, 0.05 mmol) were spin 
coated on an ITO electrode. The substrate was heated at 60° C in a TFA chamber for 1 h. The 
substrate was then washed with acetone and dichloromethane to remove the residual monomers 
and low molecular weight oligomers. 
Results and discussion 
Synthesis 
The azomethines reported in Chart 3-1 were prepared for investigating the effect of the 
EDOT moiety on the opt-electronic properties. Typically, conjugated azomethines such as those 
shown in Chart 3-1 can be easily prepared by simply refluxing 3-7 with a given aldehyde with the 
required stoichiometry in hydroscopic solvents such as absolute ethanol with a catalytic amount 
of trifluoroacetic acid.
38,39
 This was the case for derivatives 3-2 and 3-5.
29
 In fact, triads such as 
3-2 and 3-5 could quantitatively be obtained when using a 2: 1 stoichiometry of 3-7/dialdehyde. 
The desired products could be isolated pure by minimal purification given that they either are 
precipitated from the reaction mixture or they could be easily recrystallised. In contrast, the 
double condensation of 3-7 to afford triads such as 3-1, 3-3, and 3-4 is not as straightforward. The 
preparation of these azomethines requires extreme dehydration conditions such as refluxing with 
stoichiometric amounts of TiCl4. This is a result of the electron withdrawing effect of the 
azomethine formed upon mono- condensation. The end result is the decreased nucleophilicity of 
the remaining amine. The EDOT azomethine 3-1 was therefore prepared using more stringent 
reaction conditions with stoichiometric amounts of Lewis acid.  
 119 
In contrast, the preparation of the unsymmetric 3-3 was done via a two-step one-pot 
method as outlined in Scheme 3-1. Firstly, a stoichiometric amount of 3-6 and 3-7 was stirred at 
room temperature, during which time the product (3-3A) precipitated. 3-3A was exclusively 
obtained in near quantitative amounts instead of a mixture with 3-1 owing to the electron 
withdrawing effect of the azomethine on the terminal amine (vide supra). The mono- azomethine 
was then dissolved in anhydrous toluene and reacted with 2-thiophene carboxaldehyde with 
TiCl4. The desired product was obtained in 74% yield upon precipitating the product. The high 
yield confirms that the azomethine bond is robust and that the conjugated azomethine does not 
undergo dynamic component exchange.
40-43
 A mixture of products including 3-1 and 3-4 would 
have been isolated in substantial amounts if the component exchange mechanism was present. 
Therefore, the azomethine bond is robust with unsymmetric derivatives being possible by taking 
advantage of the reduced reactivity of the terminal amine of 3-3A. 
 
 
Scheme 3-1. Synthetic schemes for the preparation of 3-1 to 3-5. 
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Crystallography 
Product identification was confirmed by NMR and high resolution mass spectrometry for 
all the compounds. However, it is assumed that the isomer adopted by the azomethines is the 
thermodynamically stable E isomer. This is because it cannot be unambiguously confirmed by 
conventional methods of product characterization.  This is particularly true for the 
1
H-NMR 
spectra that show only one imine proton for 3-1. Meanwhile, two imine protons were observed 
for 3-3 because of their non-equivalence since the molecule is unsymmetric.  Single crystals of 
the EDOT azomethines were therefore grown to offer insight into the configuration adopted by 
the heteroatomic bonds.  Suitable X-ray quality crystals of 3-3 were obtained from the slow 
evaporation of acetone. 
The resolved crystal structure for 3-3 is shown in Figure 3-1. As can be seen in the 
ORTEP diagram, the azomethine bond adopts the thermodynamically favourable E isomer.  The 
crystal structure further confirms the asymmetry of the EDOT–thiophene azomethine derivative.  
It can further be seen that the heteroatoms are oriented in an anti-parallel arrangement while the 
edge-on view (bottom Figure 3-1) shows that both the azomethine bonds and thiophenes are co-
planar. In fact, the average mean planes of the terminal thiophenes were found to be twisted by 
only 2.6° from the mean plane of the central thiophene, while the mean plane of the EDOT was 
twisted by 5.7°. Similarly, the angles between the mean plane described by the central thiophene 
and the two azomethines for 3-1 are 1.9°. The angles between the planes of the thiophenes of 3-2 
are 8.6° and 6.5° for the first molecule found in the crystal lattice and 23.5° and 4.1° for the 
second molecule in the lattice. The collective crystallographic data are consistent with previously 
reported heterocyclic azomethines.
44-50
 The data further confirm that azomethines consisting of 
thiophenes are co-planar with minimal twisting between the azomethine and thiophene planes. 
This arrangement, combined with the E isomer of the azomethine, is in part responsible for the 
high degree of conjugation and the strong absorbances in the visible region (vide infra).  This is 
in contrast to the homoaryl counterparts whose planes described by the phenyls are twisted by up 
to 65° from the azomethine plane and whose absorbances are in the yellow region at best.51,52 
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Figure 3-1. ORTEP diagram of 3-3 with ellipsoids drawn at 50% probability shown along 
the face- (top) and edge-views (bottom). The acetone solvent molecule co-crystallised with 3-3 
was removed from the figures for clarity. 
 
The crystallographic data additionally show the presence of inter-molecular interactions. 
For example, -stacking occurs for all molecules that were analyzed by XRD.  -Stacking 
interactions for 3-3 occur between the intercalated thiophene planes that are separated   by 
3.010(6) Ǻ. Similarly, -interactions occur between different molecules of 3-1 and 3-2 that are 
separated by 3.215(3) Ǻ and 3.557(6) Ǻ, respectively. The measured distances are smaller than 
the van der Waals radii of the atoms and imply that the intermolecular -interactions are strong.  
These interactions are in part responsible for the crystal packing. 
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3-1 was previously found to form a supramolecular arrangement resulting from linear 
bonding between the EDOT oxygen and thiophene carbon atoms of different molecules.
45
 This 
arrangement results in a linear and planar organization between the different molecules   within 
the lattice. The C/O distance between the different molecules is 3.514(3) Ǻ. Conversely, such a 
hydrogen-bonding network was not observed for either 3-2 or 3-3. This is surprising because the 
free-terminal amine of 3-2 should readily undergo hydrogen bonding.  The absence of hydrogen 
bonding involving the terminal NH2 of 3-2 confirms that it does not behave as a primary amine. 
This is most likely a result of its conjugation with the two electron withdrawing azomethine and 
nitrile groups that reduce its electron richness. The crystallographic data therefore corroborate the 
reduced reactivity of the amine observed with 3-3A. This aside, the molecules of 3-3 within the 
lattice are aligned in a ladder-type orientation, as illustrated in Figure 3-2. 
 
Figure 3-2. Top: lattice organisation of 3-3 seen along the a axis and on the edge of the S2 atom.  
The solvent molecules and hydrogen atoms were removed for clarity. Bottom:  numbering 
scheme of 3-3 with the hydrogen atoms removed for clarity. 
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Spectroscopic properties 
The absorbance of the different azomethines was measured in dichloromethane and the 
results are summarized in Table 3-2 and Figure 3-3. It is evident that all the compounds examined 
are highly conjugated because they absorb strongly in the visible region. This is in contrast to 
their homoaryl counterparts that absorb only below 400 nm.
24
 The extended degree of 
conjugation is in agreement with the crystallographic data. From Figure 3-3, the effect of the 
EDOT moiety and its placement in the azomethine are apparent, especially when comparing the 
absorbances to the benchmark 3-4. 3-1 is bathochromically shifted by ca. 30 nm relative to 3-4 as 
a result of the electron donating effect of the EDOT unit. Meanwhile, 3-3 is red shifted compared 
to 3-4 because of the electronic push–pull effect owing to the molecule’s asymmetry.  The push–
pull effect is more pronounced in both 3-2 and 3-5 because of the stronger electron donating 
effect of the terminal amines, resulting in bathochromic shifts of 110 and 90 nm, respectively, 
relative to 3-4. The largest bathochromic shift is observed for 3-2 because of the extended 
electron donor–acceptor–donor–acceptor–donor configuration of the amine–azomethine– EDOT–
azomethine–amine arrangement. The spectroscopic data demonstrate that   the azomethine 
absorbance is sensitive to electron donor/acceptor groups. Also, the absorbance wavelength can 
be tailored spanning some 200 nm contingent on the azomethine structure and electronic effects. 
 
Table 3-2. Opto-electronic data of the azomethines measured in anhydrous dichloromethane. 
Compound 
max/ 
nm 
em/ 
nm 
/ M-
1
cm
-1
 
Stokes shift/ 
cm
-1
 
R
·+a 
/ 
nm 
fl
b
/ 
10
-3
 
Ec/ 
eV 
Epa/ 
V 
Epc/ 
V 
HOMO
d
/ eV 
LUMO
d
/ 
eV 
Eg
elect e
/ 
eV 
3-1 472 600 53 000 4500 
592 
(506) 
1 2,4 1,10 -1,25 -5,4 -3,3 2,1 
3-2 548 619 50 000 2800 
700 
(585) 
2 2,2 0,75 -1,00 -5,1 -3,5 1,6 
3-3 458 566 33 000 4170 
770 
(585) 
2 2,4 1,20 -1,25 -5,5 -3,3 2,2 
3-4 440 534 64 000 4000 ▬ 3 2,6 1,30 ▬ -5,6 -2,5 3,1 
3-5 530 594 36 000 2000 
792 
(571)
f
 
▬ 2,2 0,90 -1,20 -5,2 -3,1 2,1 
a
 Absorbance maximum of the anodically produced radical cation. Values in parentheses refer to the isosbestic point. 
b
 Absolute quantum yield 
measured using an integrating sphere. 
c
 Absorlute HOMO-LUMO energy difference taken from the intercept of the normalized absorbance and 
fluorescence spectra. 
d
 Relative to the vacuum level. 
e
 Electrochemically derived energy gap. 
f
 From ref. 31.  
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The fluorescence quantum yields (fl) were determined with an integrating sphere 
calibrated with fluorescein. The advantage of the integrating sphere is that the absolute quantum 
yields are obtained and they do not rely on a reference. The values can therefore be measured 
independent of excitation and emission wavelengths of the reference. The fl measured for all 
the azomethines is extremely low (10
-3
). This is a result of the azomethine bond that is an 
efficient singlet excited state quencher.
25,53-55
 In addition, large Stokes shifts were observed for 3-
1 and 3-3. This implies that the excited state is more polar than the ground state. Meanwhile, the 
absolute HOMO–LUMO energy gap (E) can be derived from the intercept between the 
normalized absorbance and fluorescence spectra. As seen in Table 3-2, the trend in decreasing E 
is consistent with the bathochromic shifts in the absorbance spectra. 
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Figure 3-3. Normalized absorbance  of 3-1 (black filled squares), 3-2 (red filled circles), 3-3 
(blue upward  filled triangles), 3 - 4 (violet downward  filled triangles) and 3 - 5 (green filled 
diamonds)  in dichloromethane. 
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Electrochemistry 
Cyclic voltammetry was done in order to investigate the oxidation potentials (Epa) of the 
azomethines.  Given that the azomethines consisted uniquely of thiophene and EDOT moieties 
that are known to be readily oxidized, only the anodic processes were investigated.  Once again, 
the effect of the EDOT moiety on the oxidation potential can be seen when using 3-4 as the 
benchmark. The effect is clearly seen in Figure 3-4. For example, the Epa of both 3-1 and 3-3 are 
200 and 100 mV less positive, respectively, than that of 3-4. This is a result of the electron 
donating character of the EDOT moiety. Similarly, the Epa of both 3-2 and 3-5 are shifted to even 
less positive values than that of 3-4. The substantial lowering of the Epa of the two latter 
azomethines is due to the electron donating effect of the terminal amines. Both the Epa and 
reduction  potentials  (Epc) were used to calculate the HOMO and LUMO energy values, 
respectively, according to known means.
56
 The trend in the calculated energy gap (Eg) values 
derived from the electrochemical data is consistent with the spectroscopically derived E values. 
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Figure 3-4. Cyclic voltammograms showing the anodic scans of 3-1 (black thick line), 3-2 (red 
thick line), 3-3 (blue thick line), 3-4 (violet thick line) and 3-5 (green thick line) in anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1
 with ferrocene added as an internal reference 
(Epa= 425 mV). 
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The striking difference between the cyclic voltammograms for the amino azomethine 
derivatives of 3-2, 3-5 their counterparts 3-1, 3-3, and 3-4 is the stability of the anodically 
produced intermediate. As seen in Figure 3-4, the oxidation process of both 3-2 and 3-5 is 
reversible. Meanwhile, the oxidation process for the other azomethines is irreversible. The 
reversible anodic process confirms that the azomethine bond is robust and that it resists oxidation.  
It further confirms that the anodically produced intermediate is stable. Conversely, the 
intermediate of 3-1, 3-3, and 3-4 is reactive and most likely undergoes anodic polymerisation 
(vide infra) and not decomposition of the azomethine bond, which is commonly understood to 
occur.  In contrast to the anodic process, the reduction of the azomethines is irreversible, 
regardless of structure and is assigned to a radical anion. 
Although cyclic voltammetry provides useful information relating to the oxidation 
potentials, complementary electrochemical measurements were required to assign the oxidized 
intermediates.  This is especially true for the irreversible processes because the standard Nernst 
equation   relating the difference between peak potentials and the number of electrons involved is 
invalid.  The anodic processes were therefore investigated with equimolar ferrocene and at 
various scan rates. Under such conditions, the  number  of electrons  involved  in the oxidation 
process  is  derived  by  comparing   the  intensity  of  the  anodic current  of ferrocene to that  of 
the given azomethine.  Similarly, the Randles-Sevcik equation can be used to calculate the 
number of electrons exchanged in the process. This is done by examining the change in current   
intensity as a function of scan rate according to Equation 3-1, where n is the number of electrons 
exchanged in the process, A is the electrode area, D is the diffusion coefficient, C is the analyte 
concentration, and v is the scan rate. The equation can be simplified to Equation 3-2 when using 
equimolar ferrocene and the given azomethine and assuming that D is identical for both 
analytes.
57
 n can therefore be derived from the ratio of the slope of peak current vs. scan rate for 
ferrocene and the given azomethine, as seen in the inset of Figure 3-5. We validated this approach 
by examining   the peak current as a function of scan rate for 3-2. This azomethine was chosen 
because the number of electrons involved in the anodic process can accurately be determined 
from the oxidation peak difference because of its reversible oxidation.  It is known that the 
oxidation involves one-electron, resulting in the radical cation.  As can be seen in Figure 3-5,  the  
peak  current  of  3-2  is identical  to  that  of ferrocene, taking into account  the baseline offset. 
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This confirms a one-electron process. Similarly, the ratio of the slopes shown in the inset of 
Figure 3-5 also confirms a one-electron process.  The anodic process for all the azomethines in 
Chart 3-1 was similarly found to be consistently a one-electron oxidation, based on both these 
methods. It can therefore be concluded that the anodically produced intermediate is the radical 
cation. 
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Figure 3-5. Cyclic voltammograms showing the anodic scans of 3-2 measured at different 
scan rates with ferrocene in anhydrous and deaerated dichloromethane. Inset: current vs. the 
square root of the scan rate of 3-2 (red filled circles) and ferrocene (black filled squares). 
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Electrochromism 
Given  the strong  absorbance of the azomethines  in the visible region concomitant  with  
their electrochemical oxidation,  it should  be possible  to  spectroscopically detect the  anodically 
produced transient.  Also, the oxidized species should   have a significant colour contrast from the 
neutral state. The electrochromism was therefore investigated for spectroscopically characterizing 
the intermediates. As seen in Figure 3-6, significant changes in  the  absorbance spectrum  of  
both  3-1 and  3-3 occurred  upon applying  a  constant   potential  of  1.2 V. In  the  case  of  3-1, 
the absorbance of the oxidized intermediate was bathochromically shifted  by  120 nm  relative  
to  its  neutral  state.  The  resulting oxidized  form  was purple  and  absorbed  at  592 nm  while 
the neutral  form  was  orange  and  absorbed at 472  nm  (inset  of Figure 3-6A). Meanwhile, the 
colour contrast  for 3-3 is less remarkable with only a 45 nm bathochromic shift associated  with 
a colour change from orange to red, when oxidized (inset of Figure 3-6). The small  colour  
change  between  the  neutral  and  oxidized  states observed for 3 is most likely the result of a 
weak intramolecular charge  transfer  that  is formed  in the oxidized state. This is in contrast to 3-
1 and 3-2, whose strong electron donating EDOT and amino groups, respectively, in the terminal 
position favour the development of a strong intramolecular charge transfer both in the neutral and 
oxidized states. This is supported by the higher molar absorptivity coefficients () of 3-1 and 3-2 
relative to 3-3 (Table 3-2). 
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Figure 3-6. (A) Electrochromism of 3-1 with an applied potential  of 1.2 V after 0 (black 
filled squares), 2 (red filled circles), 4 (blue upward  filled trian- gles), 6 (green downward  
filled triangles), 8 (orange filled diamonds)  and 20 (violet left filled triangles) min. Inset: 
colour  change at the platinum mesh electrode with oxidation/reduction.  (B) 
Electrochromism of 3-3 with an applied potential of 1.2 V after 0 (black filled squares), 2 
(red filled circles), 4 (blue upward filled triangles), 6 (green downward filled triangles), 8 
(orange filled diamonds), 10 (violet left filled triangles), 12 (dark green right filled triangles) 
and 14 (brown filled stars) min. Inset: colour at the platinum mesh electrode with 
oxidation/reduction. 
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As previously mentioned, substitution at the thiophene terminal positions results in a 
stable radical cation.  Meanwhile, the electron donating effect of the amine is further responsible 
for the high colour contrast between the neutral and the oxidized states. This is evidenced by the 
120 nm shift in the absorbance spectrum when 3-2 is oxidized, resulting in a colour change from 
red to green. 3-2 can further be oxidized resulting in multiple colours.
25
 Similarly, the oxidized 
species of 3-5 is also bathochromically shifted by 200 nm from its neutral state courtesy of the D–
A–D–A–D arrangement.31 The associated colour change upon oxidation is from red to green. 
The anodically induced colour changes for all the azomethines examined were reversible. 
Both the same colour and intensity of the original neutral form were obtained after applying a 
potential of 0.1 V to the oxidized intermediate. In fact, the azomethines could be repeatedly 
oxidized and neutralised without significant colour dissipation or change in colour intensity 
(insets of Figure 3-6). It is noteworthy that no special precautions were taken to maintain either 
the deaerated or anhydrous conditions prior to or during the electrochemical analyses. Under 
these conditions, the solvent readily absorbs any moisture from the atmosphere. The resulting 
water absorption would be sufficient to hydrolyse the azomethine bond during the anodic scan, 
provided it is sensitive to acid hydrolysis. The observed reversible electro- chromic behaviour 
confirms that the azomethines are anodically robust and that the oxidized species are 
hydrolytically stable. The consistent isosbestic point observed with repeated oxidation/ 
neutralisation provides additional evidence for the stability of the oxidized intermediate. It 
additionally confirms that the neutral form is reversibly converted to the oxidized form without 
decomposition. The exception being 3-4, whose electrochromic properties could not be measured. 
This is a result of the radical cation being unstable because it undergoes anodic polymerisation.
58
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Chemical oxidation 
Although the electrochemically oxidized azomethine intermediates could be 
spectroscopically characterized, their chemical oxidation was also examined.  This was done to 
investigate the stability of the oxidized state and to examine the range of colours produced upon 
oxidation. This is of importance because diffusion is negligible in the spectroelectrochemical 
setup. Therefore, no information about the long term stability of the intermediates can be derived. 
Ferric chloride (FeCl3) is an oxidant of choice for chemical oxidation studies because it is 
spectroscopically transparent in the spectral window used for the absorbance measurements.  It 
also is a one-electron oxidant, making for easy assignment of the oxidized intermediate by the 
Job method. 
The addition of FeCl3 to solutions of 3-1, 3-2 and 3-3 in dichloromethane induced 
significant colour changes as seen in Figure 3-7. In fact, multiple colours could be obtained by 
increasing the amounts of the oxidant. In the case of 3-1, no additional colour change was 
observed after 3 equivalents of ferric chloride, while 20 equivalents of the oxidant were required 
for 3-2. In all cases, the addition of hydrazine hydrate reduced the oxidized intermediate to its 
neutral form and the original colour of the pristine azomethine was obtained (Figure 3-7 and 
Figure 3-8). Multiple cycles of chemical oxidation/neutralisation were possible without any 
noticeable colour deterioration of the neutral or oxidized states. This demonstrates the robustness 
of the azomethine bond and it confirms that it does not decompose or hydrolyze under the 
experimental conditions, similar to what was observed electrochemically. It is noteworthy that no 
specific precautions such as anhydrous solvents or anaerobic conditions were taken for the 
chemical oxidation studies. Under these conditions, the water from the moist aerobic environment 
and non-anhydrous solvents would be sufficient to hydrolyse the azomethine.  Hydrolysis and 
decomposition of the azomethines would easily be seen by the disappearance of the visible 
colour. The absence of any change in the absorbance intensity of the neutral form after multiple 
oxidation/neutralisation cycles confirms that the heterocyclic azomethines are robust.  It further 
confirms that they also resist hydrolysis, contrary to what is commonly understood of 
azomethines. 
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Figure 3-7. Palette of colours obtained with various amounts of FeCl3 added to 3-1 (a), 3-2 
(b), and 3-3 (c) in dichloromethane followed by the addition of 2 equivalents of hydrazine 
hydrate. 
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The Job method was used to assign the intermediate produced upon chemical oxidation.  
This was done by varying the oxidant/ azomethine mole fraction and by measuring the 
corresponding changes in absorbance.  As seen in the inset of Figure 3-8, the maximum 
absorbance for 3-1 to 3-3 occurred at a FeCl3 mole fraction of 0.67.  Given  that  ferric  chloride  
is a  one-electron  oxidant, combined  with the 2 : 1 FeCl3/azomethine stoichiometry  determined 
by the Job method, it can be concluded that the chemically oxidized  intermediate  is a dication.  
This is in contrast to the electrochemically produced intermediate that is a radical cation. 
Nonetheless, both the electrochemically and chemically produced intermediates are stable and 
they are not as hydrolytically unstable as chemical intuition would lead one to believe. In  fact,  
the  neutral  and  oxidized  heterocyclic  azomethines  possess similar  spectroscopic  properties  
to  their  carbon analogues having much higher degrees of conjugation. The chemical oxidation 
illustrates the robustness of the heterocyclic azomethines.  A wide palette of colours is therefore 
possible with minor perturbations to the energy levels by incorporating electron donating and 
withdrawing groups and by chemical doping. The range of colours possible with doping makes 
the azomethines interesting candidates for use in electrochromic devices, which is currently being 
pursued. 
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Figure 3-8. Normalized absorbance of 3-1 (red filled squares), after the addition of FeCl3 
(green filled circles), and subsequent addition of hydrazine (blue upward empty triangles) in 
dichloromethane at room temperature. Inset: Job plots of 3-1 (blue filled squares), 3-2 (red 
filled circles) and 3-3 (green upward filled triangles) in dichloromethane at room temperature 
measured at their respective absorbance maximum. 
 
Polymerisation 
Since 3-1 and 3-3 exhibited irreversible electrochemical oxidation, their anodic    
polymerisation   was   investigated. This was to confirm that the irreversible behaviour was from 
anodic polymerisation occurring at the unsubstituted 2, 2’ -thiophene positions and not from 
oxidative decomposition. Electropolymerisation was done both by cycling the potentials between 
0 and 1.2 V and by applying a constant potential of 1.2 V for 15 minutes. In both cases, a 
transparent ITO electrode was used as the working electrode with similar results. 
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The cyclic voltammogram for the anodic polymerisation of 3-1 is shown in Figure 3-9. 
The oxidation peak at 1.1 V, corresponding to the neutral 3-1, decreased   upon cycling between 
the applied potentials. Meanwhile, a new oxidation peak at 0.9 V grew with each cycle, 
associated with the formation of 3-P1. It is noteworthy that  the  oxidation  of 3-P1  is reversible  
and  the  anodic  process corresponds  to a two-electron  process, resulting in the dication. The 
observed Epa shift to less positive potentials for 3-P1 confirms that it has a higher degree of 
conjugation than that of 3-1. The resulting 3-P1 was physisorbed as a purple film onto the ITO 
electrode.  The electrode was thoroughly rinsed with various organic solvents to remove any 
residual monomers.  The transparent electrode was also rinsed with a hydrazine solution in 
ethanol to ensure that the deposited polymer was in its neutral state. The anodic polymerisation of 
3-3 to produce 3-P2 was also attempted, but an insufficient amount of material was physisorbed 
onto the electrode, precluding its characterization. 
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Figure 3-9. Anodic polymerisation of 3-1 in dichloromethane. Inset: normalized absorbance 
of 3-1 (blue filled squares) in dichloromethane and 3-P1 (red filled circles) physisorbed on a 
transparent ITO electrode. 
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The spectroscopic change of 3-1 when converted to 3-P1 is shown in the inset of Figure 3-
9. The maximum absorbance of 3-P1 is bathochromically shifted by 50 nm relative to 3-1 
corresponding to the absorbance maximum of 525 nm. The red shift in absorbance is the result of 
an increased degree of conjugation. The collective spectroscopic  and electrochemical  data  
provide  sound  evidence that  the anodically  produced  3-P1  on the ITO electrode has an 
increased  degree of conjugation, resulting  from –’ coupling. Meanwhile, the broad 
absorbance implies that the product is polydisperse. Unfortunately, neither the exact molecular 
weight nor the degree of polymerisation (DP) of 3-P1 could be determined given that the 
anodically produced material was physisorbed on the electrode. Also, it was insoluble in standard 
organic solvents that are used for conventional molecular weight determination. Nonetheless,   
the  collective  data  confirm  that  the  azomethine bond can support  oxidative environments  
without decomposing, resulting in homocoupled products   with  increased  degrees  of 
conjugation relative to their corresponding precursors. 
To further investigate the increased degree of conjugation of 3-P1 relative to 3-1, the 
condensation polymerisation to form 3-P3 was carried out.  The spectroscopic properties of the 
two polymers (3-P1 and 3-P3) could be compared to the soluble reference 3-P4, whose molecular 
weight is accurately known.
26,31,59,60
 Since 3-P3 was expected to be insoluble in common organic 
solvents because of its lack of alkyl solubilising groups, its polymerisation by thermal 
condensation was done directly on the ITO electrode in the solid state.  Polymerisation was done 
on a transparent electrode allowing the resulting product to be spectroscopically and 
electrochemically characterized. An equimolar ethanol solution of the requisite monomers 
including a catalytic amount of trifluoroacetic acid was spray coated   onto   the electrode.   The 
resulting monomer coating was orange and was 90 nm thick (inset of Figure 3-10). The substrate 
was then heated at 85°C for five minutes. The resulting insoluble blue film was sequentially 
rinsed with acetone, dichloromethane, and a 15 wt% solution of triethylamine in dichloromethane 
to remove the residual monomers and low molecular weight oligomers. An alkaline and 
hydrazine rinse was also done to ensure that the measured opto-electronic properties of the blue 
coloured polymer were those of its neutral form and not the protonated/oxidized states. The 
resulting film thickness of the insoluble 3-P3 was 95 nm. 
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The absorbance spectrum of the resulting 3-P3 is shown in Figure 3-10. Its absorbance is 
bathochromically shifted by 130 nm relative to 3-1 and 100 nm compared to 3-2.The 
spectroscopic changes suggest that 3-P3 has a high degree of conjugation. To confirm this, the 
absorbance of 3-P3 was further  compared  to 3-P4 that  was  spin  coated  as  a  thin  film onto  a  
transparent  glass substrate. The absorbance at 625 nm for 3-P4 corresponds to a degree of 
polymerisation (DP) of 15.
26,59
 Given that   the maximum of P3 is hypsochromically shifted by 
only 30 nm relative to 3-P4, its DP must be similar to that of 3-P4. Like for 3-P1, the broad 
absorbance observed for 3-P3 implies that the polymer formed is polydisperse.The degree of 
polymerisation of 3-P1 can be estimated in part from a calibration of the curve that correlates the 
absorbance shifts of 3-5 as a function of its degree of oligomerization.
31
 This calibration curve 
can be extended to include the absorbance maxima of both 3-P3 and 3-P4, from which a DP = 5 
for 3-P1 can be interpolated. 
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Figure 3-10. Normalized absorbance of 3-1 (black filled squares) and 3-2 (red filled circles) in 
dichloromethane at room temperature, 3-P3 (blue upward filled triangles) polymerised on a 
transparent ITO electrode, and 3-P4 (dark green empty circles) deposited as a thin film by spin 
coating on a glass substrate. Inset: monomer  (3-7 and 2,5-thiophene dicarboxaldehyde) spray 
coated  onto  a glass substrate  (left) and  the  resulting  3-P3  formed  after heating in the 
presence of TFA  vapour (right) followed by rinsing with organic solvents. 
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The oxidation potential of 3-P3 immobilized on the ITO electrode was also examined.  
The Epa measured by cyclic voltammetry was 0.8 V and was consistent with the Epa of 3-P4.  The 
measured Epa was also similar to that of 3-2. This suggests that a high degree of conjugation is 
required to offset the collective electron withdrawing effect of the multiple azomethines in the 
polymer and to achieve the same electronic effect induced by the two terminal electron donating 
groups. Similar to 3-2, the oxidation process of 3-P3 was also reversible. The less positive Epa of 
3-P3 relative to 3-3 confirms that it has a higher degree of conjugation than 3-3 and it further 
corroborates the spectroscopic data. Nonetheless, the blue colour of the polymers illustrates that a 
high degree of conjugation can be achieved by simple means. This is in contrast  to  their  
vinylene counterparts that  require stringent  reaction conditions for  polymerisation  along  with a 
high  degree of polymerisation to  achieve  the  same  spectroscopic properties. 
Conclusions 
 
In summary, opto-electronic property tailoring was possible by incorporating an EDOT 
moiety into conjugated azomethines. The strong electron-donating effect of the EDOT moiety 
resulted in ca. 30 nm bathochromic shifts in the absorbance relative to its thiophene   
counterpart.  Meanwhile,   the oxidation   potentials could be varied between 0.75 and 1.3 V and 
the reversibility of the oxidation process was contingent on the azomethine structure.  A wide 
palette of colours for both the neutral and doped states with high contrast ratios is possible with 
the electron rich conjugated azomethines. Their high chemical and electrochemical resistance in 
addition to their hydrolytic stability makes them interesting materials for use as sensors and 
electrochromic materials. Moreover, the ease of preparing both oligo- and poly- azomethines 
combined with their enhanced colours relative to their carbon counterparts makes them 
interesting alternatives for functional materials. 
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Chapitre 4 
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Résumé du chapitre 
Dans les deux chapitres précédents, il a été mentionné à plusieurs reprises que les liens 
azométhines sont isoélectroniques aux liens vinyles. Ces affirmations sont basées 
majoritairement sur une étude qui compare des polymères contenant des liens vinyles et des 
liens azométhines fabriqués à partir de dérivés du benzène. Aussi, seules les propriétés 
physiques et thermiques de ces composés analogues ont été comparées. Comme les recherches 
de cette thèse sont majoritairement basées sur les propriétés opto-électroniques de composés 
imines à base de thiophènes, il est d’importance de pouvoir effectuer une comparaison efficace 
des liens vinyles et azométhines sur ce genre de molécules. 
Le chapitre suivant décrit donc la synthèse et la caractérisation de thiophènes 
vinyliques et de leurs analogues azométhines afin de pouvoir confirmer ou infirmer que ces 
deux types de liens sont isoélectroniques. Les propriétés photophysiques et électrochimiques 
des molécules présentées seront analysées afin d’avoir plus d’informations sur les différences 
entre les configurations électroniques des doubles liens avec ou sans hétéroatome. L’effet de 
différents groupements électro-donneurs et électro-attracteurs sera aussi brièvement discuté.  
Malheureusement, pour des raisons de stabilité, plusieurs analogues directs aux 
composés vinyles n’ont pas pu être synthétisés. Effectivement, les produits de départ requis 
pour ce faire sont instables et ne peuvent être isolés en assez grande quantité pour effectuer la 
synthèse des produits finaux. Afin de pouvoir avoir une idée des effets de l’azote dans la 
double liaison sur des analogues directs, des calculs des énergies des niveaux HOMO et 
LUMO des composés synthétisés et de leurs pairs non disponibles par voie de synthèse ont été 
effectués en utilisant la théorie de la fonctionnelle de densité (DFT pour density functionnal 
theory en anglais). Ces calculs ont permis de décrire la distribution des nuages électroniques 
dans les molécules ainsi que de prédire les spectres UV-visible. Des comparaisons avec les 
valeurs expérimentales ont pu être effectuées afin de valider la plausibilité des calculs 
effectués.  
  
 145 
Insight into the isoelectronic character of azomethines and 
vinylenes using representative models – A spectroscopic and 
electrochemical study 
Andréanne Bolduc
1
, Abdelaziz Al Ouahabi
1,2
, Charlotte Mallet
1,3
 and W.G. Skene
1
 
1
Laboratoire de caractérisation photophysique des matériaux conjugués 
Département de Chimie 
Université de Montréal 
CP 6128, Centre-ville 
Montreal, QC 
2
Institut Charles Sadron (UPR22-CNRS) 
23 rue du Loes 
BP 84047 
67034 Strasbourg Cedex 2, France 
3
University of Amherst 
120 Governors drive 
Conte Blg 
Amherst, MA, 01003 
USA 
 
 
Received July 10
th
 2013 
First published online August 15
th
 2013 
DOI : 10.1021/jo401497z 
J. Org. Chem. 2013, 78, 9258-9269.  
Reproduced with permission of Journal of Organic Chemistry. 
Copyright 2013 American Chemical Society 
 146 
Abstract 
A series of azomethine and vinylene dyad and triad analogues were prepared. Their 
absorbance, fluorescence, and redox properties were examined experimentally and 
theoretically using DFT calculations. These measurements were done to determine the effect 
of the heteroatom of the azomethine relative to its all-carbon counterpart and to assess the 
isoelectronic character of the two bonds. The orientation of the azomethine was found to have 
little effect on the absorbance, fluorescence, and electrochemical properties.  In contrast, the 
spectral and electrochemical properties were highly contingent on the electronic groups and 
degree of conjugation.  The spectral properties could be tuned 200 nm across the visible 
region. More importantly, the heteroatom in the conjugated bond was found to give rise to 
only 20 nm bathochromic shift in the absorbance and fluorescence spectra.  The fluorescence 
quantum yield (Fl) of the vinylenes derivatives varied between 5 and 20% with fluorescence 
quenching occurring by photoisomerization from the E to Z isomers. In contrast, the 
fluorescence of the analogous azomethine derivatives was completely quenched. The 
collective spectroscopic and electrochemical ab initio DFT data additionally confirmed that 
the azomethine and its analogous vinylene are isoelectronic.  It was also found that a 
conjugated thiophene vinylene dyad with primary amines in the ,′-positions could be 
prepared and isolated. The compound was stable under aerobic conditions providing electron 
withdrawing (either ester or nitrile) groups were located in the adjacent positions. 
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Introduction 
Conjugated materials have received much attention, owing to their opto-electronic 
properties that are suitable for plastic electronic applications.
1-4
 Thiophenes have been the 
building block of choice for preparing such materials.  This is in part due to their low 
oxidation potentials that are ideal for both chemical and electrochemical synthesis of highly 
conjugated compounds.  Despite this advantage, the chemical synthesis of conjugated 
thiophenes involving carbon-carbon coupling requires stringent reactions such as Suzuki 
coupling,
5
 Stille coupling 
6,7
 and Heck coupling,
8
 to name but a few. The synthesis of donor-
acceptor conjugated materials is additionally challenging because of reactivity 
incompatibilities between reagents and catalysts that lead to low yields and unselective 
product formation. Therefore, methods for preparing donor-acceptor conjugated materials that 
have desired optoelectronic properties are of interest.
9,10
 
We recently addressed this challenge by using azomethines (–N=CH–) as functional 
materials. The advantage of the heteroatomic materials over their vinylene counterparts is the 
ease of preparation.  Azomethines are prepared by the straightforward condensation of 
complementary amine and aldehydes.  The reaction can be done using mild conditions at room 
temperature with catalytic mineral acids.
11,12
 The products can further be purified by 
straightforward precipitation. Azomethines are additionally interesting as functional materials 
because of the inherent electron-withdrawing property of the heteroatomic bond. When 
coupled to electron rich heterocycles, this results in highly conjugated -donor-acceptor 
materials.  These compounds can have opto-electronic properties that are of interest for use in 
device applications and that are comparable to their all-carbon counterparts.  
Azomethines are commonly accepted as being isoelectronic to their all-carbon 
counterparts.
13
 There are nonetheless differences in their properties, notably their 
photostability, fluorescence, and redox potentials.
14
 Extensive structure-property studies have 
subsequently been undertaken for optimizing the opto-electronic properties of azomethines.
11
  
Despite these studies, there is still little known about the collective effect of the azomethine 
bond and various electronic groups on the opto-electronic properties.  This is in part owing to 
the limited number of stable amino-thiophenes available for preparing conjugated 
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azomethines.  As a result, the stable 2,5-diamine (4-1;Chart 4-1) has predominately been used 
for preparing conjugated azomethines that are stable under ambient aerobic conditions.  The 
stability of 4-1 and its azomethine products are courtesy of the stabilizing effect of the esters 
in the 3 and 4 positions.   
Their synthetic and purification advantages concomitant with their isoelectronic 
character make azomethines interesting replacements for their all-carbon counterparts.  The 
successful use of vinyl derivatives in plastic electronics such as organic photovoltaics
15,16
 and 
organic light emitting diodes,
17,18
 would suggest that azomethines would also be suitable for 
such applications. It is therefore important to understand the effect of the various electronic 
groups on the opto-electronic properties for designing and preparing azomethines with 
enhanced properties relative to their analogues vinyl derivatives.  Most importantly, the effect 
of the nitrogen atom in the azomethine and stabilizing esters are of importance for comparing 
the properties among similar compounds.  For this reason, we prepared the previously 
unreported and air-stable 2-amino-thiophene vinylene 4-4, whose synthesis, spectroscopy and 
electrochemistry are herein presented.  The effect of the esters and the azomethine nitrogen on 
the spectroscopic and electrochemical properties is further examined by comparing to the 
analogous compounds in Chart 4-1. The spectroscopic properties and energy levels of 2-
aminothiophene derivatives that could not be synthesized were additionally calculated 
theoretically. The collective experimental and theoretical data were compared for 
understanding the structural modifications and electronic effects on the spectroscopic and 
electrochemical properties of conjugated oligomers.  
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Chart 4-1. Vinylene and azomethine analogues investigated. 
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Results/Discussion.  
Synthesis  
The ester-free derivative (4-7) would be an ideal model compound for direct 
comparison of the physical properties to both the vinylene analogue (4-2) and the azomethines 
in Chart 4-1.  However, it could not be isolated and it spontaneously decomposed.  For this 
reason, 4-4 was targeted.  It was surmised that the electron withdrawing ester in the 3-position 
would stabilize the targeted product, similar to its unsubstituted counterpart 2-aminothiophene. 
19-21
 
The synthesis of 4-4 was done according to the synthetic scheme outlined in Scheme 4-
1. This involved preparing the activated ester 4-4a according to known means in high yields.
22
 
It was then reacted with 1,4-dithane-2,5-diol via the Gewald reaction under basic conditions to 
afford the air-stable 2-aminothiophene 4-4b.
23
 While the product is inert, the amine group is 
still reactive, especially under Vilsmeier-Haack and McMurry reaction conditions. 4-4b was 
subsequently protected as an amide with trifluoroacetic anhydride, which was confirmed both 
by 
1
H and 
19
F NMR.  The protection was extremely sluggish, unlike when protecting 4-4b 
with 
t
BOC.  The latter was originally chosen, but the protecting group did not withstand the 
McMurry coupling conditions. The desired aldehyde was incorporated into 4-4c via 
Vilsmeier-Haack formylation.  The isolated 4-4d was then subjected to McMurry coupling.  
Formation of the desired vinylene was found to occur only when zinc was added to a TiCl4 
solution in THF and allowing it to stir for 30 minutes before adding 4-4d. The resulting 
product was found to be unstable.  It was subsequently deprotected with potassium carbonate 
without isolating it beforehand. The reactions were additionally done in the dark to prevent 
photoisomerization of the vinylene products. While the E isomer of 4-4 was predominately 
formed, it could be isolated from the undesired Z isomer by column chromatography. The 
targeted 4-4 was isolated as a yellow solid. While the product could be isolated and handled 
under ambient conditions, it was photochemically unstable, requiring protection against 
ambient light when stored. 
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Scheme 4-1. Synthetic scheme for the preparation of 4-4: i) 80 
o
 C, 16 hrs; ii) 45
o
 C, DMF; iii) 
r.t. 16 hrs, CH2Cl2; iv) 60 
o
 C, 16 hours, dioxane; v) TiCl4/ZnCl2, THF. 
 
Compound 4-8 was also targeted.  This was because the azomethine formed from the 
DMF protecting group has a limited degree of conjugation relative to conjugated azomethines 
such as 4-11, 4-13, and 4-21. Therefore, the effect of the azomethine bond on the 
photophysical and electrochemical properties relative to conjugated azomethines can be 
examined. The targeted 4-8 was prepared similarly to 4-4, but starting from 4-8a (Scheme 4-
2).  4-8a was formylated directly and it was protected in situ by DMF. The protecting group 
was expected to be removed with similar conditions as 4-4. In contrast, only the protected 
product was obtained. Multiple attempts to deprotect 4-8 were unsuccessful with known 
methods, including hydrochloric acid and trifluoroacetic acid. The electron withdrawing 
differences of the nitrile and ester groups are most likely responsible for the different stability 
of the protecting group.   
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Scheme 4-2. Synthetic scheme for the preparation of 4-8: i) POCl3, 60
o
 C, DMF; ii) 
TiCl4/ZnCl2, THF. 
 
The syntheses of 4-10, 4-21 and 4-23 were done according to previously described 
methods.
24,25
 The azomethine derivatives 4-15, 4-17 and 4-19 were prepared from the 
corresponding amine and aldehyde in a 1:1 ratio in ethanol along with a catalytic amount of 
trifluoroacetic acid. The reaction mixture was then stirred overnight at room temperature. No 
inert atmosphere or anhydrous solvents were required. In the case of 4-15, the resulting dimer 
was insoluble in ethanol and the product precipitated overnight. The desired product was 
obtained pure in a considerable yield by filtering the solution and washing it with cold ethanol. 
In contrast, 4-17 and 4-19 required additional purifications to isolate them from the undesired 
trimers that were formed as by-products. Purification by flash column chromatography was 
thus performed and the compounds were obtained in moderate yield.  Differences in yields 
were observed for 4-17 (20%) and 4-19 (75%) owing to the instability of the 5-
butylthiophene-2-carboxaldehyde starting material.  The yields are nonetheless consistent with 
than those of 4-4 and 4-8.  The low overall yields for the aminothiophene vinylenes are a 
result of the stringent reactions, multistep preparation, and mixture of E and Z isomers.  
The vinylene model compound (4-2) was prepared according to standard McMurry 
coupling procedures.
26
 No extensive purification was required for the compound.  The desired 
E isomer was isolated by recrystallization in carbon tetrachloride, as confirmed by 
1
H NMR.  
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X-ray structure 
Monocrystals of 4-8 suitable for X-ray diffraction (XRD) analyses were grown from 
the slow evaporation of acetone. These crystals were grown to see whether the resulting 
compound was coplanar similar to analogous azomethines.
27
  XRD further provides 
unequivocal confirmation that the E isomer of the unsaturated bond was obtained, as was 
confirmed by 
1
H-NMR. As shown in Figure 4-1, 4-8 is highly coplanar with a mean plane 
torsion angle between the two thiophene rings of 1.96 (1) °. The high degree of coplanarity 
adopted by the thiophenes with respect to the vinylene is evident in the face and edge views of 
Figure 4-1. The configuration adopted is similar to that of corresponding azomethines.
27
 
 
 
Figure 4-1. Face (top) and edge (bottom) views of the resolved XRD crystal structure of 4-8. 
 
 
4-8 organized itself in a zig-zag packing in the crystal lattice (Figure 4-2) and it 
crystallized in the orthorhombic Pbca space group. Its organization is driven mostly by 
hydrogen bonding between the cyano group and the adjacent hydrogens as shown in top of 
Figure 4-3. Two different hydrogen bonding motifs were found in the crystal packing. 
Bonding between the cyano groups and hydrogen from the methyl terminal group was found 
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at a distance of 2.647(1) Å.  The short distance is common for H-bonding.
28
 This is assumed to 
lead to the zig-zag configuration, because the molecules organise themselves at 68.6(1) ° from 
each other. The molecules also organize themselves on the same plane via cyano-hydrogen 
interactions. The cyano groups also hydrogen bonds at 2.575(1) Å with the adjacent thiophene.  
 
 
Figure 4-2. Crystal lattice packing of 4-8. 
The molecular organization in the lattice is also driven by various intermolecular -
stacking interactions. One occurs between the thiophene’s centroid and the vinyl bond and 
another takes place between the remaining thiophene’s centroid and the azomethine bond of 
the dimethylformamide protecting group. These interactions occur respectively at distances of 
3.637 (1) and 3.340 (1) Å and they are within the acceptable range for  stacking.29 
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Interestingly, a similar packing behaviour was observed in azomethines, where the thiophene 
centroid had -interactions with the azomethine between thiophenes.30  
 
 
Figure 4-3. Intramolecular hydrogen bonding (top) and -stacking (bottom) found in the 
crystal lattice of 4-8. 
Photophysical properties  
The photophysical properties of the azomethines and vinylene analogues from Chart 4-
1 were investigated.  Notably, the absorbance, fluorescence and fluorescence quantum yields 
of these compounds were measured to assess the structural and electronic effects on the 
spectroscopic properties. These effects can be assigned by comparing the spectroscopic 
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properties of the different compounds.  For example, the impact of the degree of conjugation 
can be seen by comparing 4-2, 4-4, 4-8 and 4-10 as well as azomethine derivatives 4-15, 4-17, 
4-18, 4-21 and 4-23.  The effects of the azomethine bond, amine electron donating, and ester 
withdrawing groups can be assigned by comparing both 4-21 and 4-23 to 4-10. The electronic 
effects can similarly be evaluated from comparing 4-2, 4-4, and 4-8.  Meanwhile, the electron 
donating and withdrawing effects can be evaluated by comparing the spectral properties of 4-
2, 4-4, 4-15, 4-17, and 4-19. 
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Figure 4-4. Normalized absorbance of 4-2 (), 4-4 (), 4-8 (), 4-10 (), 4-15 (), 4-17 
(), 4-19 (), 4-21 () and 4-23() measured in dichloromethane. 
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As can be seen by the collective absorbance spectra in Figure 4-4 and the data in Table 
4-1, the absorbance can be tailored approximately 200 nm across the visible region with subtle 
structural modifications and with electronic groups.  For example, an 87 nm red-shift in the 
absorbance occurs when increasing the degree of conjugation from 4-2 (353 nm) to 4-10 (445 
nm). A similar red-shift of 45 nm is also observed between 4-15 and 4-21 as a result of the 
increased degree of conjugation. However, the observed red-shift cannot be assigned uniquely 
to the increase in conjugation, given the different electron withdrawing groups of 4-15 and 4-
21. The stronger electron withdrawing character of the cyano group affects the optoelectronic 
properties (vide supra). The additional thiophene in 4-15 to 4-21 are also part of the observed 
red-shift. Meanwhile, the 66 nm bathochromic shift of 4-23 relative to 4-21 is owing to the 
electron donating effect of the terminal amines. These two compounds can be directly 
compared because the orientation of the azomethine does not affect the HOMO and LUMO 
levels (see Figure 4-9 and Table 4-3). The effect of the terminal amines is further seen when 
comparing 4-2 with 4-4, whose absorbance difference is 30 nm. The shift between 4-2 (353 
nm) and 4-4 (382 nm) is less than 4-21 (427 nm) and 4-23 (493 nm) owing to the different 
number of ester withdrawing group. The electronic push-pull effect resulting from the 
amine/azomethine is further seen by the 58 nm bathochromic shift of 4-8 relative to 4-4.
27
 This 
effect is highly noticeable from the absorbance maximum that is red shifted by 90 nm relative 
to 4-2. Of particular interest is the effect of the heteroatom in the azomethine on the 
spectroscopic properties.  While the unique effect of the azomethine on the spectral properties 
cannot unequivocally be assessed relative to its all-carbon counterpart, 4-2 and 4-15 are the 
best representative models for such a comparison.  The weak donating effect of the 2,2'-methyl 
groups of 4-2 accounts for a red-shift of 2 nm, according to the spectral shifts observed for 4-
17 (406 nm) and 4-19 (408 nm). The azomethine therefore gives rise to a 27 nm bathochromic 
shift.  While large spectral differences were not observed between the all-carbon bond and 
azomethine counterparts, the heteroatomic bond nonetheless results in red-shifted spectra.  
Enhanced spectral shifts are possible by taking advantage of the electronic effect of the 
azomethine by conjugating it with electron rich and/or electron donating groups.  The resulting 
electronic push-pull systems absorb in the visible such as 4-21 and 4-23.
11,27
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Table 4-1. Photophysical properties of the compounds measured in deaerated 
dichloromethane. 
Compound abs (nm) em (nm) fl (%)
a E (eV)b
Eg spectro 
(eV)
c
 
4-2 353 412 5 3.2 3.1 
4-4 382 500 7 2.8 2.7 
4-8 440 497 20 2.6 2.5 
4-10 445 498 15 2.7 2.6 
4-15 382 468 ≈ 0 3.0 2.7 
4-17 406 500 ≈ 0 2.8 2.6 
4-19 408 497 ≈ 0 2.8 2.6 
4-21
d
 427 459 ≈ 0 2.5 2.2 
4-23
e
 493 594 ≈ 0 2.2 2.1 
a 
Absolute quantum yield measured with an integrating sphere.
 b
 Absolute energy-gap 
taken from the intercept of the normalized absorbance and fluorescence spectra. 
c 
From 
literature.25 
d
 From literature. 12 
 
The same trend in absorbance shifts as a function of structure was also observed for the 
fluorescence of the compounds examined. The exception to the trend was 4-4 (382 nm) and 4-
21 (427 nm) that were red- and blue-shifted, respectively, from what was expected. While the 
exact reason for these exceptions is not known, there was a significant difference in the 
fluorescence quantum yields (fl) for the compounds. As seen in Table 4-1, the azomethines 
essentially do not fluoresce.  To some extent, this is not surprising since the heteroatomic bond 
is known to rapidly deactivate the singlet excited state by photoinduced electron transfer.
31
 
The excited state is additionally known to be efficiently deactivated by internal conversion 
involving bond rotation.
32
 In the case of thiophene azomethine derivatives, intersystem 
crossing to the triplet state is also an efficient deactivation mode.
33
 The collective deactivation 
modes ensure the quenched fluorescence of azomethines such that the fl is below what can 
be accurately measured by the integrating sphere (< 2%). 
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In contrast to the azomethines, the vinylene derivatives fluoresced in appreciable 
amounts (5 – 20 %) and these could be measured accurately with an integrating sphere.  The 
measured values were well below unity, which is not surprising because oligothiophenes are 
known to efficiently intersystem cross (vide supra).
34-36
 The triplet formed by this process can 
be spectroscopically detected by laser flash photolysis.  This technique was subsequently used 
to determine the presence of triplets. No triplet transient was detected either for 4-2 or 4-4.  
The intense laser pulse at 355 nm led exclusively to a photoproduct having a much longer 
lifetime than the resolution of the instrument (> 100 s).  The long lifetime precludes a triplet 
transient given they typically have unimolecular lifetimes < 100 s.37 To further identify the 
photoproduct, 4-2 was irradiated at 350 nm under steady-state conditions. As seen in Figure 4-
5, the original absorbance spectra 4-2 (max= 350 nm) is converted into a spectrum whose 
absorbance is shifted to 295 nm.  The blue-shift in the photoproduct absorbance suggests it has 
a decreased degree of conjugation relative to 4-2.  Meanwhile, the isosbestic point at 310 nm 
confirms the presence of only two species that are interdependent.  The photoproduct was 
subsequently analyzed by 
1
H-NMR and it was found to be the cis isomer.  The low fl 
observed for 4-2 therefore is from trans→cis photoisomerization and not singlet excited state 
quenching by intersystem crossing.  The vinylene compounds are therefore photo-unstable.  
This is in contrast to their azomethine counterparts that are photostable and do not 
photoisomerize even at prolonged irradiated times.
38
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Figure 4-5. Change in absorbance spectra of 4-2 when irradiated a 350 nm between 0 (▬) and 
170 min (▬) in deaerated and deuterated chloroform. 
 
Electrochemical properties 
The electrochemical properties of the compounds were also examined by cyclic 
voltammetry to determine the oxidation and reduction potentials of the compounds. This was 
done to accurately assess the structure-property relationships and correlate the electrochemical 
properties with the spectroscopic properties. The reduction process was irreversible for all the 
compounds investigated.  In contrast, the oxidation process was reversible for all compounds 
except for 4-15.  Electrochemical reversibility was quantitatively confirmed from the equal 
peak current of the forward and reverse scans.
39
 The oxidation process was found to be a one-
electron, according to know means.
40
 Meanwhile, the formal oxidation potential (Eo) was 
calculated from the forward and reverse oxidation potentials.  
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Cyclic voltammetric measurements were done at various scan rates to further confirm 
quantitatively the oxidation reversiblity, type of process (reversible, quasi-, pseudo- , and 
reversible), and number of electrons transferred in the oxidation. The number of electrons (n) 
involved in the oxidation was quantified by comparing the peak currents of ferrocene to the 
given sample for the forward scans, according to the Randles-Sevcik equation
41
 :         
     
 
    
 
    
 
  , where i is the anodic peak current, n the number of electrons transferred, 
A the working electrode area, D the diffusion coefficient, C the concentration, and v the scan 
rate. The equation simplifies to:    
 
   
 
            when using equimolar ferrocene as 
the internal reference.  The desired n can be determined by plotting the anodic peak current as 
a function of scan rate, as per Figure 4-6. Since the oxidation of ferrocene is a one-electron 
process, the ratio of the slopes (Figure 4-6) gives the desired n.
42
 According to this means, all 
the compounds, except 4-15, were found to reversibly undergo a one-electron oxidation, 
resulting in the radical cation. The reversible oxidation observed confirms that the resulting 
radical cation is stable and that it does not couple according to standard anodic means.
43
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Figure 4-6. Current as a function of scan rate for 4-10 () and ferrocene (). Inset: anodic 
cyclic voltammograms of 4-10 measured at 10 (▬), 25 (▬), 50 (▬), 75 (▬), 100 (▬), 200 
(▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 900 (▬) and 100 (▬) mV s-1 
with 0.1 M TBAPF6 in anhydrous and deaerated dichloromethane. 
 
The forward scan (Eforward) oxidation potentials for the various compounds were used to 
examine the effect of structure and electronic effects on the potentials.  The typically used Epa 
could not be applied for comparing the potentials of the different compounds because of the 
irreversible oxidation of 4-15. Eforward is independent of the oxidation reversibility making for 
accurate assessment of the oxidation potential contingent on structure. The oxidation onset 
was additionally used to calculate the HOMO energy level.  This was done according to the 
commonly accepted approximation: HOMO = -e(Epa onset  + 4.72), where the potentials are 
measured against Ag/Ag
+
,
44-47
 and by taking the E´ of the internal reference ferrocene as 0.35 
V vs Ag/AgCl.
48
  Similarly, the LUMO energy level was calculated according to LUMO = -
e(Epc onset  + 4.72).  The approximations are valid if the redox processes form radical ions.  
Given the reduction process of the compounds cannot be unequivocaly assigned, the LUMO 
energy levels cannot be accurately evaluated electrochemically. Nonetheless, the collective 
electrochemical data for the compounds from Chart 4-1 are summarized in Table 4-1 and 
representative anodic cyclic voltammograms are found in Figure 4-7. 
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Figure 4-7. Anodic cyclic voltammograms of 4-2 (▬), 4-4 (▬), 4-8 (▬), 4-10 (▬), 4-15 
(▬), 4-17 (▬), 4-19 (▬), 4-21 (▬) and 4-23 (▬) vs. Ag/Ag+ with 0.1 M TBAPF6 in 
anhydrous and deaerated dichloromethane with ferrocene as an internal reference. Ferrocene 
was not added to 4-4 and 4-8 because of overlapping oxidation potentials. 
 
It is evident from the electrochemical data that the vinyl derivatives have lower 
oxidation potentials than their azomethine analogues. This is obvious upon comparing 4-2 
whose oxidation potential is 560 mV less positive than 4-15.  Similarly, the oxidation 
potentials of 4-17 and 4-19 are 360 mV more positive than the analogous 4-4. The more 
positive potentials observed for the azomethines relative to the all-carbon counterparts can be 
ascribed to the electron withdrawing effect of the heteroatomic bond.  Interestingly, 4-4 (540 
mV) had the lowest oxidation potential of the compounds examined, owing to the electron 
donating amines. The measured value of 4-4 was more positive than the reduction potential of 
oxygen, confirming its observed stability under ambient conditions.  The effect of degree of 
conjugation and electronic effects on the oxidation potential are consistent with the 
spectroscopic data. For example, Epa of 4-10 is 20 mV lower than 4-2, owing to the increased 
degree of conjugation. Meanwhile, the Epa of 4-4 is 10 mV lower than 4-8 as a result of the 
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amine electron donating effect as opposed to the withdrawing azomethine character.  While 4-
10 (820 mV), 4-17 (880 mV), 4-21 (860 mV), and 4-23(870 mV) are structurally different, 
they have similar Epa.  This is owing to the collective electronic effects and degree of 
conjugation.  
 
Table 4-2. Electrochemical properties of compounds from Chart 1 measured in deaerated 
dichloromethane.
a 
 
  
Eforward
 
(E
0
) 
(V)
b
 
HOMO 
(eV) 
LUMO 
(eV) 
Eg electro 
(eV)  
4-2 1.09 (1.02) -5.4 -3.2 2.2 
4-4 0.54 (0.51) -4.8 -3.0 1.8 
4-8 0.65 (0.63) -5.0 -2.9 2.1 
4-10 0.82 (0.80) -5.1 -3.4 1.7 
4-15 1.65 (-) -6.0 -2.9 3.1 
4-17 0.88 (0.85) -5.2 -2.9 2.3 
4-19 0.89 (0.86) -5.2 -2.9 2.3 
4-21
c
 0.86 (0.83) -5.2 -3.0 2.2 
4-23
d
 0.87 (0.82) -5.2 -3.1 2.1 
a 
Measured against
 
Ag/Ag
+ b
Eforward refers to the oxidation potential for the 
forward scan. Value in parenthesis refers to formal potential determined 
from the reversible oxidation couple. 
c
Literature values. 
25
 
d
Literature 
values.
12
  
 
Theoretical calculations 
Given the synthetic challenges in isolating aminothiophene vinylene derivatives such 
as 4-11 and 4-13 for analyzing their spectroscopic and electrochemical properties, the desired 
properties were empirically calculated. This method was chosen to accurately evaluate the 
effect of the azomethine on the opto-electronic properties without the electron withdrawing 
ester/nitrile group, which is otherwise required for synthetically preparing the compounds.  
The properties were calculated using DFT and 6-31G* basis sets.  The geometries were first 
optimized semi-empirically using AM1 followed by single point energy calculations with 
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DFT. This approach was selected because of the AM1 shorter geometry optimization 
computation times without sacrificing accuracy. The latter was confirmed by comparing the 
bond lengths and energies of optimized geometries for a model 4-8 calculated semi-
empirically and by DFT. Both methods gave similar results. Moreover, the calculated bond 
angle and lengths for the AM1 calculations correlated better with X-ray diffraction data. The 
properties of the synthesized compounds from Chart 4-1 were first calculated.  These were 
used as a benchmark to verify the empirically calculated values against the experimentally 
measured properties. While absolute values cannot be precisely calculated empirically, relative 
values however can be accurately measured within a given series. Figure 4-8 shows a 
comparison of the experimental and theoretical data. The calculated and measured HOMO 
energy levels are similar.  This is not surprising since the B3LYP 6-31G* basis sets is known 
to accurately estimate the HOMO energy levels of conjugated materials.
49,50
 This is in contrast 
to the LUMO energy values that cannot be as accurately calculated. This in part, accounts for 
the calculated LUMO energy levels being less negative than the experimentally measured 
values. However, it was recently shown that the B3LYP basis set is adequate to calculate the 
energy levels of azomethine derivatives.
51
 The similar trend of HOMO and LUMO energy 
levels contingent on structure for both experimental and calculated values confirms that the 
chosen theoretical method is suitable for predicting the properties of the compounds form 
Chart 4-1 that otherwise could not be prepared. The effect of the azomethine bond with the 
electron withdrawn groups (4-2 vs. 4-3, 4-4 vs. 4-5, etc.), orientation of the heteroatomic bond 
(4-11 vs. 4-12), and symmetry of the azomethines (4-11 vs. 4-13) can also be accurately 
evaluated empirically.  
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Figure 4-8. Comparison of experimental (open symbols) and calculated (filled symbols) 
HOMO () and LUMO () in dichloromethane. The HOMO energy levels for 4-8, 4-17 and 
4-23 were not included because the calculated and experimental values were identical. 
 
The HOMO and LUMO energy levels of the compounds that could not be synthesized 
were subsequently calculated. The energy-gap was additionally calculated from the difference 
between the HOMO and LUMO energy levels.  The maximum absorbance was also calculated 
using time-dependent density functional theory of the first excited state.  The properties were 
both analyzed in vacuum and dichloromethane in order to assign solvent effects.  This is 
particularly important since the energy levels, and hence the absorbance spectra, of amine 
containing compounds such as 4-16 to 4-19, 4-22 and 4-23 are highly dependent on solvent 
polarity.
52,53
 The combined calculated values are found in Table 4-3.  The effect of the 
azomethine on the properties is evident from the collective theoretical calculations. For 
example, comparing 4-2 with its counterpart 4-3, the HOMO and LUMO energy levels in both 
vacuum and dichloromethane are lower for the azomethine. This leads to a bathochromic shift 
 167 
in the theoretical absorbance maximum. This is consistent with the experimental data. The 
HOMO and LUMO levels are further lower for 4-5 vs. 4-4, 4-15 vs. 4-14, 4-17 vs. 4-16, 4-19 
vs. 4-18, 4-11, 4-12 and 4-13 vs. 4-10, 4-21 vs 4-20, and 4-23 vs. 4-22. The HOMO energy 
level of 4-8 (-5.0 eV) is additionally lower than 4-9 (-4.8 eV).  However, it has a higher 
LUMO energy level (-2.1 eV compared to -1.8 eV) owing to the electron withdrawing 
character of the azomethine. The contribution of the heteroatomic bond in 4-9 causes a blue-
shift in the absorbance spectra relative to its all-carbon counterpart (417 nm, compared to 426 
nm).  
Table 4-3. HOMO and LUMO energy levels, energy-gaps and absorbance maximum 
theoretically calculated by DFT B3LYP 6-31G
*
 in both vacuum and dichloromethane. 
 
Vacuum Dichloromethane 
  
HOMO 
(eV) 
LUMO 
(eV) Eg (eV) abs (nm)
HOMO 
(eV) 
LUMO 
(eV) Eg (eV) abs (nm) 
4-2 -4.9 -1.3 3.6 331 -5.0 -1.4 3.6 332 
4-3 -5.2 -1.7 3.5 338 -5.3 -1.8 3.5 340 
4-4 -4.6 -1.2 3.4 355 -4.6 -1.3 3.3 364 
4-5 -4.8 -1.5 3.3 370 -4.9 -1.7 3.2 380 
4-6 -4.2 -0.9 3.3 352 -4.3 -1.1 3.2 359 
4-7 -4.4 -1.3 3.1 364 -4.6 -1.5 3.1 372 
4-8 -5.0 -2.1 2.9 426 -5.0 -2.1 2.9 426 
4-9 -4.5 -1.5 3.0 417 -4.8 -1.8 3.0 417 
4-10 -4.6 -1.7 2.9 415 -4.7 -1.8 2.9 416 
4-11 -5.1 -2.3 2.8 423 -5.2 -2.4 2.8 424 
4-12 -4.9 -2.0 2.9 416 -5.1 -2.2 2.9 414 
4-13 -5.0 -2.1 2.9 429 -5.2 -2.3 2.9 421 
4-14 -5.4 -1.9 3.5 344 -5.3 -2.0 3.3 359 
4-15 -5.8 -2.4 3.4 347 -5.8 -2.4 3.4 347 
4-16 -4.9 -1.4 3.5 352 -4.9 -1.5 3.4 356 
4-17 -5.2 -1.8 3.4 361 -5.2 -1.8 3.4 367 
4-18 -4.9 -1.3 3.6 343 -5.0 -1.4 3.6 350 
4-19 -5.1 -1.7 3.4 356 -5.1 -1.8 3.3 361 
4-20 -5.0 -1.7 3.3 396 -5.1 -1.8 3.3 400 
4-21 -5.2 -2.0 3.2 416 -5.4 -2.3 3.1 422 
4-22 -4.8 -1.9 2.9 434 -4.8 -1.9 2.9 443 
4-23 -5.1 -2.3 2.8 469 -5.2   -2.5  2.7 487  
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The effect of the withdrawing and donating groups on the energy levels can be seen by 
comparing the calculated values of 4-4, 4-5, 4-6 and 4-7. The electron withdrawing 
azomethine bond decreases the HOMO and LUMO energy values for 4-5 vs. 4-4 and 4-7 vs. 
4-6. This gives rise to a bathochromic shift for all the absorbance of the azomethine 
derivatives compared to their all-carbon counterparts. The electron withdrawing ester also 
stabilizes the HOMO and LUMO levels, resulting in a small bathochromic shifts in the 
absorbance maximum.This can also be observed when comparing 4-20 and 4-10.  The effect 
of the terminal amine on the properties can also be seen when comparing 4-2 vs. 4-6 and 4-3 
vs. 4-7. The electron donating group increases the HOMO and LUMO energy levels for both 
series. This leads to a bathochromic shift in the absorbance for the amine-terminated 
compounds, owing to the electronic push-push effect of the conjugated amine-azomethine 
groups. 
The effect of the azomethine orientation can also be assessed by examining the 
calculated energy levels of 4-11, 4-12 and 4-13.  The data shows that the energy difference 
between the HOMO and LUMO energy values is consistent, regardless of the azomethine 
orientation.  The orientation of the dipole moment created by the azomethine perturbs the 
HOMO energy levels by 0.2 eV.  Similarly, the LUMO energy levels are perturbed by 0.3 eV.  
Lower energy values were found when the heteroatom was adjacent to the external thiophene 
(4-11). The calculated absorbance maxima were also consistent with the calculated energy-
gaps. The differences in the energy level are seen in Figure 4-9. This figure also clearly shows 
the effect of adding the azomethine linkages on the calculated HOMO energy level. Although 
the HOMO energy levels are lower, the energy gap is consistent because both the HOMO and 
LUMO energy levels are similarly perturbed.   
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Figure 4-9. Calculated HOMO and LUMO energy levels in eV for 4-10, 4-11, 4-12, 4-
13 and 4-21 relative to vacuum. 
 
The frontier orbitals were also investigated. Figure 4-10 shows an example for 4-4 and 
its analog 4-5. It can be observed that, in both cases, the HOMO frontier orbitals are evenly 
distributed across the conjugated network.  The same trend was also observed for the triads. In 
contrast, LUMO frontier orbitals are localized on the vinyl and azomethine bonds. This trend 
was similarly observed for all the dyads (see Annexe 3).  However, the LUMO was extended 
over the central thiophene and the conjugated bonds for the triads. This leads to intramolecular 
charge transfer of density over the entire molecule. This was previously observed with 
conjugated azomethine derivatives.
32
 The vinyl and azomethine also show the same trend in 
terms of electron delocalisation. Therefore, the DFT calculation clearly supports the fact that 
the azomethine and vinyl linkages are isoelectronic.  
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Figure 4-10. Calculated HOMO (top) and LUMO (bottom) frontier orbitals of 4-4 
(left) and 4-5 (right) in dichloromethane. 
Conclusion 
The photophysical and electrochemical properties of azomethines and their analogous 
all-carbon counterparts were analyzed. It was shown that it is possible to adjust the 
optoelectronic properties by incorporating different functional groups in the molecules. The 
vinyl compounds showed reversible oxidation in comparison to the azomethine, indicating that 
they are more stable under harsh conditions than their analogs. The collective spectral and 
electrochemical data revealed that the heteroatom had little effect on the properties of the 
conjugated dyads and triads.  Only a 20 nm spectral red-shift was observed between all-carbon 
and azomethine analogues.  The only effect of the heteroatom was for the fluorescence 
quantum yields.  The azomethine fluorescence was quenched, unlike its vinylene counterparts 
that fluoresce, but also photoisomerized between the E → Z isomers. The similar properties 
between the isoelectronic bonds were further confirmed by DFT studies.  Taking into 
consideration the photochemical stability, greater ease of synthesis, and similar optoelectronic 
properties, azomethines are good alternatives to their all-carbon counterparts.  Azomethines 
having potentially suitable properties for use in plastic devices can therefore be designed 
based on their all-carbon counterparts that have been successfully used as functional materials 
in working devices. 
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Experimental section 
General Procedures  
All chemicals and reagents were obtained from commercial sources unless otherwise 
stated. Anhydrous and deaerated solvents were obtained from an activated alumina solvent 
purification system. CDCl3 was repeatedly passed over a plug of activated basic alumina to 
remove undesired acid contaminants. 
Spectroscopy 
Absorbance measurements were done on a commercial UV-visible-NIR absorbance 
spectrophotometer and the fluorescence measurements were performed on UV-visible 
combined time-resolved and steady-state fluorimeter after deaerating the samples with 
nitrogen for 20 minutes. The absolute quantum yields were measured using an integrating 
sphere.  
Electrochemistry 
Cyclic voltammetry measurements were made on a multichannel potentiostat. 
Compounds were dissolved in deaerated dichloromethane at 10
-4
 M with 0.5 M NBu4PF6. A 
platinum electrode was used as the working electrode with a platinum wire as the auxiliary 
electrode. The reference electrode was a saturated Ag/AgCl electrode. Ferrocene was added to 
the solution as an internal reference (Epa = 0.435 V vs. SCE).
54
 
Crystal structure determination 
Suitable X-ray monocrystals of 4-8 were obtained by the slow evaporation of acetone. 
X-ray diffraction measurements were performed on a diffractometer using graphite-
monochromatized CuK\ radiation with 1.54178 Å.  The structures were solved by direct 
methods (SHELXS97).  All non-hydrogen atoms were refined based on Fobs2 (SHELXS97), 
while hydrogen atoms were refined on the calculated positions with fixed isotropic U, using 
riding model techniques. 
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Table 4-4. Details of the crystal structure determination of 4-8. 
Formula 
C18H18N6S2 
Mw (g/mol); F(000) 
382.50 g/mol ; 1600 
Crystal color and form 
Orange platelet 
Crystal size (mm) 
0.18 x 0.06 x 0.04 
T (K); dcalcd. (g/cm
3
) 
150 (2) ; 1.363 
Crystal System 
Orthorhombic 
Space Group 
Pbca 
Unit Cell: a (Å) 
16.0473 (6) 
b (Å) 8.2489 (3) 
c (Å) 28.1693 (11) 
  (°) 90.000 
  (°) 90.000 
  (°) 90.000 
V (Å
3
); Z 3728.8 (2); 8 
 range (°); completeness 3.14  72.54; 0.982 
Reflections: collected / 
independent; Rint 
49300 / 3680 ; 
0.053 
  (mm–1) 
Abs. Corr. 
2.705  
Semi-empirical 
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R1(F); wR(F
2
) [I > 2(I)] 0.0541; 0.1413 
R1(F); wR(F
2
) (all data) 0.0651; 0.1467 
GoF(F
2
) 1.009 
Max. residual e
– 
density 1.398 e
–
·Å
–3
 
  
Theoretical calculations 
Theoretical calculations were done with a commercially available software package.
55
 
The geometries were first optimized semi-empirically using AM1. These geometries were 
compared to the crystal structures of known compounds. Single point energies were then 
calculated from the optimized geometries using the DFT ab initio method with the B3LYP 6-
31 G* basis set. 
Synthesis  
The synthesis of 4-10, 4-21 and 4-23 were done according to known methods.
23,24
 
HRMS measurements were done using the ESI ionization mode with TOF analyser.  
(E)-1, 2-Bis (5-methylthiophen-2-yl) ethene (4-2). In a two-necked round-bottomed 
flask was dissolved 5-methylthiophene-2-carbaldehyde (0.50 g, 1.4 mmol), in anhydrous THF 
(8 mL). Titanium (IV) chloride (0.52 mL, 4.7 mmol) was then added dropwise at -18ºC and 
the solution was stirred for 30 minutes. Zinc powder (0.62 g, 9.5 mmol) was added over a 
period of 30 min and the reaction mixture was stirred for another 30 min at -18°C. The 
reaction mixture was then refluxed for 3.5 hours. After, it was then poured into iced water.  
The organic layer was extracted with ethyl acetate. The product was recrystallized in carbon 
tetrachloride and it was washed with cold ethanol to afford the product as a yellow powder 
(453 mg, 52%). 
1
H NMR (CDCl3) 6.83 (s, 1H), 6.78 (
d
J = 3.6 Hz, 1H), 6.62 (m, 1H), 2.47 
(
d
J = 0.8 Hz, 3H). 
13
C NMR (CDCl3) HRMS 
(ESI+) calcd for C12H13S2 [M + H
+
] 221.0453, found 221.0450. 
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Butyl 2-cyanoacetate (4-4a). Cyanoacetic acid (10 g, 117.5 mmol) was dissolved in n-
butanol (10.9 mL, 117.5 mmol). Zinc perchlorate hexahydrate (21.9 g, 58.7 mmol) and 
magnesium sulfate (14.14 g, 117.5 mmol) were then added to the solution. The resulting slurry 
was stirred at 80ºC overnight. The reaction mixture was cooled to room temperature. The 
resulting precipitate was filtered, and it was washed with ethyl acetate. The organic extracts 
were concentrated, the residue was taken up into dichloromethane, and the solid was filtered. 
The filtrate was then washed with water and then with saturated NaHCO3. After removing the 
solvent under vacuum, the crude product was purified by silica gel flash column 
chromatography using hexane/ethyl acetate (90/10) as the eluent. The product was isolated as 
a colorless oil (12.73 g, 77%). 
1
H NMR (acetone-d6) 4.18 (
t
J = 6.4 Hz, 2H), 3.79 (s, 2H), 
1.67-1.60 (m, 2H), 1.45-1.35 (m, 2H), 0.94-0.90 (
t
J = 7.6 Hz, 3H). 
13
C NMR (acetone-d6) 
HRMS(ESI+) calcd for C7H11NO2 [M + Ag
+
]  
247.9835, found 247.9837. 
Butyl 2-aminothiophene-3-carboxylate (4-4b).  In a two-necked round bottom flask 
were added 1, 4-dithiane-2, 5-diol (0.54 g, 3.54 mmol) and 4-4a (1 g, 7.08 mmol). Anhydrous 
dimethylformamide (0.5 mL) was added followed by triethylamine (0.5 mL, 3.54 mmol) at 
0ºC. The reaction mixture was then heated to 45ºC for 1.5 hours. The reaction mixture was 
poured into ice water. The organic layer was extracted with dichloromethane and it was then 
dried with magnesium sulfate. The salts were removed and the organic layers were 
concentrated. The product was purified by silica gel flash chromatography with hexanes/ethyl 
acetate (70/30) to give the title compound as a yellow oil (0.41 g, 58%). 
1
H NMR (acetone-d6) 
6.93-6.91 (dJ = 6.4 Hz, 1H), 6.87 (s, 1.4H), 4.21-4.18 (tJ = 6.4 Hz, 2H), 1.70-1.63 (m, 2H), 
1.47-1.38 (m, 2H), 0.96-0.92 (
t
J = 7.6 Hz, 3H).
13
C NMR(acetone-d6) 166.7, 165.6, 127.2, 
107.9, 107.3, 64.7, 32.6, 20.9, 15.0.HRMS(ESI+) calcd for C9H13NO2S [M + Ag
+
]  305.9712, 
found 305.9699. 
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Butyl 2-(((trifluoromethoxy) carbonyl) amino) thiophene-3-carboxylate (4-4c). In 
an oven dried round bottom flask, 4-4b (1.15 g, 5.81 mmol) was dissolved in dichloromethane 
(5 mL). Trifluoroacetic anhydride (TFAA; 0.96 mL, 6.97 mmol) was added at 0º C, followed 
by the dropwise addition of triethylamine (1 mL). The reaction mixture was stirred at room 
temperature overnight. It was then diluted in dichloromethane and washed with brine and 
water. The organic layer was dried over sodium sulfate, filtered, concentrated, and then 
purified by silica gel flash chromatography with hexanes/ethyl acetate (90/10).  The title 
compound was isolated as a white solid (895 mg, 50%). 
1
H NMR (acetone-d6) 12.00 (s, 
1H), 7.31 (
d
J = 5.6 Hz, 1H), 7.19 (
d
J = 5.6 Hz, 1H), 4.38-4.35 (
t
J = 6.4 Hz, 2H), 1.79-1.76 (m, 
2H), 1.51-1.47 (m, 2H), 1.01-0.98 (
t
J = 7.6 Hz, 3H). 
13
C NMR (acetone-d6) = 167.0, 155.0, 
146.9, 126.0, 120.6, 118.1, 66.9, 32.3, 20.8, 15.0. HRMS (ESI+) calcd for C11H12F3NO3S [M 
+ H
+
]  : 296.0569 found 296.0555 
Butyl 2-(((trifluoromethoxy) carbonyl) amino)-formylthiophene-3-carboxylate (4-
4d).  In a dry two-necked flask, phosphorous oxychloride (0.13 mL, 1.44 mmol) was added to 
dimethyl formamide (0.11 mL, 1.44 mmol) at 0º C. 4-4c (0.150 g, 0.48 mmol) diluted in 
tetrahydrofuran (5 mL) was then added. The reaction mixture was heated to 60ºC overnight, 
then it was poured into ice water. The crude product was extracted with dichloromethane, 
dried with magnesium sulfate, filtered, and then concentrated.  The product was purified by 
silica gel flash chromatography with hexanes/ethyl acetate (80/20) to afford the title 
compound as a white powder (116.6 mg, 72%). 
1
H NMR (acetone-d6) 9.67 (s, 1H), 8.01 (s, 
1H), 7.97, (s, 1H), 4.20-4.16 (
t
J = 6.4 Hz, 2H), 3.24 (s, 3H), 3.13 (s, 3H), 1.72-1.65 (m, 2H), 
1.51-1.42 (m, 2H), 0.97-0.93 (
t
J = 7.2 Hz, 3H). 
13
C NMR (acetone-d6) 183.7, 173.7, 164.3, 
158.1, 142.4, 131.3, 119.8, 65.3, 41.7, 36.1, 32.6, 20.9, 15.0.   
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(E)-Dibutyl 5, 5’-(ethene-1, 2-diyl) bis (2-aminothiophene-3-carboxylate) (4-4). In 
a two-necked flask, 4-4d (0.20 g, 0.6 mmol) was dissolved in anhydrous THF (14 mL).  
Titanium (IV) chloride (0.32 mL, 2.4 mmol) was added dropwise at -18 ºC and the reaction 
mixture was stirred for 30 min. Zinc powder (0.44 g, 4.7 mmol) was added over a period of 30 
minutes and the slurry was stirred at the same temperature for another 30 minutes. The 
reaction mixture was then refluxed for 3.5 hours. Afterwards, it was poured into ice water and 
the organic layer was extracted with ethyl acetate. The crude mixture was then poured into a 
solution of K2CO3 (0.5 g in 20 mL methanol and 4 mL water) and it was stirred for 3 hours 
under nitrogen. The solvent was evaporated and the crude product was extracted with ethyl 
acetate and concentrated under vacuum.  Purification of the crude mixture over silica gel flash 
chromatography (70/30, hexanes/ ethyl acetate) gave 4-4 as a yellow powder (97 mg, 77%). 
1
H NMR (acetone-d6)  7.17 (s, 1.6H), 6.87 (s, 1H), 6.52 (s, 1H), 4.2 (m, 2H), 1.70 (m, 2H), 
1.47 (m, 2H), 0.97 (m, 3H). 
13
C NMR (acetone-d6)  165.1, 163.3, 124.6, 123.7, 119.0, 
105.7, 63.3, 31.2, 19.4, 13.5. HRMS (ESI+) calcd for C20H27N2O4S2 [M + H
+
]  423.14068, 
found 423.1395. 
(E)-N'-(3-Cyano-5-formylthiophen-2-yl)-N, N-dimethylformimidamide (4-8b). In 
an oven dried two-necked flask, phosphorous oxychloride (12 mL, 128 mmol) was added 
dropwise at 0º C in anhydrous dimethylformamide (40 mL, 516 mmol). The solution was 
stirred for 20 minutes, followed by the addition of 4-8a (4 g, 32 mmol). The reaction mixture 
was stirred at room temperature for 40 min. The mixture was then heated at 50ºC overnight, 
afterwards the reaction mixture was poured into ice water and the crude product was extracted 
with ethyl acetate. The organic layer was further washed with water.  The organic layers were 
combined, dried with magnesium sulfate, filtered and then concentrated to give a yellow solid 
(3.5 g, 53%). 
1
H NMR (acetone-d6) 9.78 (s, 1H), 8.20 (s, 1H), 7.94 (s, 1H), 3.32 (s, 1H), 
3.20 (s, 1H). 
13
C NMR (acetone-d6) 183.2, 175.6, 159.1, 140.6, 132.5, 116.4, 100.3, 42.2, 
36.5. HRMS (ESI+) calcd for C9H9N3OS [M + H
+
] 208.05391, found 208.05348. 
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(1E,1'E)-N',N''-(5,5'-((E)-Ethene-1,2-diyl)bis(3-cyanothiophene-5,2-diyl))bis(N,N-
dimethylformimidamide) (4-8). In a two-necked round bottom flask was dissolved 4-8b 
(0.50 g, 2.4 mmol) in anhydrous THF (8 mL).  Titanium (IV) chloride (0.82 mL, 8.1 mmol) 
was added dropwise at -18 ºC and the reaction mixture was stirred for 30 minutes. Zinc 
powder (1.1 g, 16.3 mmol) was added over a period of 30 minutes and the slurry was stirred at 
the same temperature for another 30 min. The reaction mixture was then refluxed for 3.5 
hours.  It was then poured into ice water and the organic layer was extracted with ethyl 
acetate. The product was purified by silica gel chromatography using ethyl acetate/hexane 
(20/80) to give the product as a yellow powder (0.53 g, 57%). 
1
H NMR (CDCl3) 9.66 (s, 
1H), 8.16 (s, 1H), 7.92 (s, 1H), 3.31 (s, 3H), 3.18 (s, 3H). 
13
C NMR (acetone-d6)  165.8, 
155.9, 130.4, 125.9, 120.6, 115.7, 97.5, 73.3, 72.3, 40.3. 34.6. HRMS (ESI+) calcd for 
C18H19N6S2 [M + H
+
] 383.1107, found 383.1090. 
(1E,1'E)-N',N''-(5,5'-((E)-Ethene-1,2-diyl)bis(3-cyanothiophene-5,2-diyl))bis(N,N-
dimethylformimidamide) (4-15). In a two-necked round bottom flask was dissolved 4-8b 
(0.50 g, 2.4 mmol) in anhydrous THF (8 mL).  Titanium (IV) chloride (0.82 mL, 8.1 mmol) 
was added dropwise at -18 ºC and the reaction mixture was stirred for 30 minutes. Zinc 
powder (1.1 g, 16.3 mmol) was added over a period of 30 minutes and the slurry was stirred at 
the same temperature for another 30 min. The reaction mixture was then refluxed for 3.5 
hours.  It was then poured into ice water and the organic layer was extracted with ethyl 
acetate. The product was purified by silica gel chromatography using ethyl acetate/hexane 
(20/80) to give the product as a yellow powder (0.53 g, 57%). 
1
H NMR (CDCl3) 9.66 (s, 
1H), 8.16 (s, 1H), 7.92 (s, 1H), 3.31 (s, 3H), 3.18 (s, 3H). 
13
C NMR (acetone-d6)  165.8, 
155.9, 130.4, 125.9, 120.6, 115.7, 97.5, 73.3, 72.3, 40.3. 34.6. HRMS (ESI+) calcd for 
C18H19N6S2 [M + H
+
] 383.1107, found 383.1090. 
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(E)-Diethyl 2-amino-5-((5-butylthiophen-2-yl) methyleneamino) thiophene-3, 4-
dicarboxylate (4-17). Both 2, 5-diaminothiophene-3, 4-dicarboxylic acid (77 mg, 0.3 mmol) 
and 5-butylthiophene-2-carboxaldehyde (50 mg, 0.3 mmol) were dissolved in ethanol (10 mL) 
before adding a catalytic amount of TFA (5 µL). The mixture was stirred at room temperature 
overnight and the organic layer was washed with water and extracted with dichloromethane. 
After removing the solvent under reduced pressure, the product was purified by silica gel 
chromatography using dichloromethane and triethylamine (10%) as an eluent. The product 
was isolated as a yellow powder (0.02 g, 20%). 
1
H NMR (acetone-d6) 8.17 (s, 1H), 7.45 
(s, 2H), 7.34 (d, 1H, 
d
J= 3.6 Hz), 6.88 (d, 1H, 
d
J= 3.6 Hz), 4.33 (dd, 2H, J= 7.2 Hz), 4.21 (dd, 
2H, J=7.2 Hz), 2.87 (t, 6H, J= 8.8 Hz), 1.72 (m, 2H), 1.40-1.26 (m, 4H), 0.95 (t, 3H, J=7.6 
Hz). 
13
C NMR (acetone-d6)  165.1, 164.4, 160.9, 151.7, 146.4, 140.8, 133.3, 132.5, 129.8, 
126.0, 61.0, 59.9, 33.9, 22.3, 14.3, 14.1, 13.5. HRMS (ESI+) calcd for C19H24N2O4S2 [M + 
H
+
] 409.1250, found 409.1249. 
(E)-Diethyl 2-amino-5-((4, 5-dimethylthiophen-2-yl) methyleneamino) thiophene-
3, 4-dicarboxylate (4-19). Both 2,5-diaminothiophene-3,4-dicarboxylic acid (792 mg, 3.1 
mmol) and 4,5-dimethylthiophene-2-carbaldehyde (430 mg, 3.1 mmol) were dissolved in 
ethanol (20 mL) before adding a catalytic amount of TFA (10 µL). The reaction mixture was 
stirred at room temperature overnight, washed with water and extracted with dichloromethane. 
After concentrating the crude product under vacuum, it was purified by silica gel 
chromatography using dichloromethane and triethylamine (10%) as the eluent. The title 
compound was isolated as a yellow powder (0.88 g, 75%). 
1
H NMR (CDCl3)7.93 (s, 1H), 
7.03 (s, 1H), 6.25 (s, 2H), 4.39 (dd, 2H, J= 7.2 Hz), 4.22 (dd, 2H, J= 7.2 Hz), 2.35 (s, 3H),2.10 
(s, 3H), 1.42 (t, 3H, J =7.2 Hz), 1.29 (t, 3H, J= 7.2 Hz). 
13
C NMR (CDCl3)  165.9, 164.9, 
159.4, 146.7, 140.1, 137.9, 134.8, 134.7, 128.6, 61.9, 60.6, 14.9, 14.6, 14.3, 13.9. HRMS 
(ESI+) calcd for C17H20N2O4S2 [M + H
+
] 381.0937, found 381.0943. 
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Chapitre 5 
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Résumé du chapitre 
Dans le chapitre précédent, les propriétés isoélectroniques des composés vinyles et 
azométhines ont été confirmées en comparant leurs propriétés spectroscopiques et 
électrochimiques. Des calculs de DFT ont confirmé que la délocalisation électronique le long 
du squelette de la molécule se fait de la même façon pour les deux types de liaisons. Cela 
permet donc d’affirmer que les azométhines sont des alternatives viables à leurs analogues 
vinyliques, particulièrement à cause de la reproductibilité et la simplicité de leur synthèse. 
Le chapitre qui suit utilise la combinaison des imines et des vinyles dans un même 
composé afin d’effectuer des dispositifs électrochromes efficaces. Un dérivé d’un diamino 
vinyle présenté au chapitre précédent sera utilisé comme amine alors que plusieurs unités 
électro-donneurs différentes seront implémentées dans les structures. De la polymérisation sur 
surface sera effectuée et les propriétés photophysiques et spectroélectrochimiques des 
polyazométhines résultants seront analysées. Des analogues utilisant le 1,4-phénylène diamine 
comme unité de répétition seront aussi synthétisés afin de voir l’effet du cycle aromatique à 6 
atomes par rapport au cycle à 5 atomes qu’est le thiophène. 
Les polymères seront par la suite incorporés dans des dispositifs électrochromiques 
afin de s’assurer de leur viabilité pour l’utilisation dans l’électronique plastique. Les 
changements de couleur observés seront comparés à ceux mesurés en solution. Le nombre de 
cycle de charge/décharge de chacun des dispositifs sera calculé de manière à déduire la 
stabilité de ceux-ci.  
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Abstract 
 
Thermal polymerization of electroactive thin films using an aminobisthiophene 
vinylene monomer was done directly on electrodes. The resulting films reversibly switched 
colors in the visible-to-NIR regions, contingent on the monomers used for polymerization. 
Working transmissive electrochromic devices were fabricated using the electrode immobilized 
electroactive polymers. The devices exhibited reversible color changes with a moderate 150 
duty cycle. 
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Introduction 
 
Conjugated organic polymers are interesting stimuli responsive materials.
1-3
 This is 
because their high degree of conjugation that enhances their optoelectronic properties and 
makes them sensitive to their environment.
4
 This responsive behavior has been harnessed to 
prepare ultra-sensitive detectors and plastic electronic devices.
5,6
 Electroactive conjugated 
polymers are noteworthy stimuli responsive materials that are capable of reversible visible 
changes with applied potentials. These have found many uses in electrochromic devices for a 
gamut of display uses and commercial applications.
7
 
Electrochromic devices have been extensively prepared using solution processable 
conjugated polymers.
8-10
 This is in part because accurate assessment of optical and 
electrochemical polymer properties rely on solution based techniques.
4
 Processable 
electroactive polymers are however problematic because they are often miscible with the 
electrolyte gel.
11
 Mixing of the various device layers results in undesired limited device 
performance, localized color defects, and heterogeneous color contrast. Various strategies 
have been used to separate the discrete device layers. These have either involved changing the 
solubility of the electroactive polymers after depositing on the electrode or electrochemically 
polymerizing the electrochromic layers directly on the device electrodes in situ.
12-14
 Both 
approaches require substantial synthetic efforts for preparing the corresponding immobilized 
materials. Moreover, the thickness of the electroactive layer cannot be readily controlled with 
the in situ method.
15
 It is further associated with performance limiting over oxidized by-
products and defects.
16
 Simpler means of immobilizing conjugated polymers in a controlled 
manner that do not sacrifice the optoelectronic properties of the electroactive layer are 
therefore required. 
Polyazomethines are viable alternatives for immobilized electroactive materials use. 
This is in part due to their straightforward condensation of corresponding aryl amine and 
aldehyde monomers that can be done in bulk. The complementarity of the two monomers 
further reduces undesired side reactions. Polyazomethines are further advantageous because 
desired film thickness is possible by controlling the thickness of the monomers deposited.
17
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Despite the isoelectronic character to their vinylene counterparts, which have ideal 
electrochromic properties, conjugated azomethines (-N=CH-) are often overlooked as viable 
functional materials.
18
 This is in part because of the limited number of available aryl diamines 
for preparing stable polyazomethines that have suitable properties for use in electrochromic 
devices. While the air stable 2,5-thiophene derivative (5-2) was found to be a suitable 
monomer for preparing electroactive materials that were capable of sustaining multiple 
oxidation/neutralization cycles,
19,20
 it is beneficial to expand the portfolio of diamino 
monomers available for preparing electrochromic polyazomethines having a large palette of 
colors. The conjugated diaminothiophene (5-1) was therefore synthesized and its use for 
electroactive polymer preparation is presented. Electrochromic polymers derived from 1 were 
done using the on-substrate method of polymerizing the electroactive polymers directly on the 
device electrodes. This was to demonstrate that desired reversible oxidation and visible color 
switching between the neutral and oxidized states are possible with easily prepared materials. 
The universality of the on-substrate method for preparing electroactive layers and their 
suitability for use in electrochromic devices are also herein presented using different 
complementary aryl diamines and dialdehydes. As a result, working electrochromic devices 
capable of switching between colored states under ambient conditions are herein demonstrated  
 189 
Results and discussion 
5-1 was prepared in four steps starting from 5-1A according to known means.
18
 The 2-
aminothiophene was protected using trifluoroacetic anhydride and was followed by standard 
Vilsmeier-Haack formylation. The resulting aldehyde was isolated and subjected to McMurry 
homo-coupling using Zn/TiCl4. The targeted 5-1 was isolated in 5% overall yield. This low 
yield is in part a result of decomposition in the harsh McMurry reaction conditions 
concomitant with photoisomerization of the desired trans to the cis-isomer during column 
chromatography. Despite these, the isolated 5-1 could be kept under ambient conditions for 
several weeks without significant degradation when protected from light. 
Polymerization of 5-P1 to 5-P6 were done using the on-substrate method.
17
 This was to 
demonstrate that functional polymers immobilized on electrodes could be done when 
condensing aryl dialdehydes with diamine monomers other than 5-2. The triaryl amines 5-4 
were selected as the complementary monomer for condensing with 5-1 because of their well-
known one-electron oxidation.
21
 Moreover, the electrochemical switching between their 
neutral and radical cation states result in visible color changes when they are conjugated.
22-24
 
 
 
Scheme 5-1. Complementary difunctional monomers used for preparing electroactive 
polyazomethines 5-P1 to 5-P6. 
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Equal molar stock solutions of the complementary monomers were spin coated onto 
ITO coated glass substrates. Spin coating was preferred because consistent thin and 
homogenously smooth films could be prepared. This is seen in Figure 5-1A and is in contrast 
to manually spray coated films that are typically thick and rough. Polymerization of the 
deposited monomers was done by heating the substrates under a saturated trifluoroacetic acid 
(TFA) environment. While significant color changes were observed during the polymerization, 
the resulting polymer films were thoroughly rinsed with both dichloromethane and 
triethylamine solutions of dichloromethane. This was done to remove unwanted monomers 
and oligomers, while ensuring the immobilized polymer was deprotonated and in its undoped 
state. The latter was required for accurate spectroelectrochemical and electrochromic studies. 
Polymer films of 25 nm thickness were obtained for 5-P1 to 5-P3 from 40 nm spin coated 
monomer layers. While the layer thickness decreased with polymerization, the film roughness 
remained the same (Figure 5-1B). Consistent thickness of the pre- and polymerized films was 
obtained with the phenylene diamine polymer derivatives 5-P4 to 5-P6. The different film 
thickness observed for the spin coated and final polymer layers when using 5-1 suggest some 
thermal decomposition of aminothiophene monomer. This is assumed given that step-growth 
polymerization is extremely sensitive to stoichiometric monomer imbalances with a tolerance 
of <1 mole % difference. Nonetheless, azomethine formation, and hence, increased degree of 
conjugation can be spectroscopically confirmed from the bathochromic shifts of the polymers 
relative to 5-1 (Figure 5-1A). In fact, the electronic (5-4A vs. 5-4B) and diamine (5-1 vs. 5-3) 
effects on the spectra are evident. For example, the electron donating effect of the OMe group 
of 5-4B gives rise to a 14 nm red-shift relative to 5-4A, while replacing 5-1 with 5-3 causes a 
34 nm blue-shift in the case when 5-4A is used as the monomer. This is understood to be from 
the planes described by the aryl–azomethine segments that cannot adopt a coplanar 
arrangement, limiting the degree of conjugation.
25
 The most pronounced shift was observed 
for 3-P3 that was red-shifted by nearly 300 nm from 3-P2. The significant bathochromic shift 
is a result of the alternating donor-acceptor arrangement of the conjugated EDOT–azomethine 
segments. This spectral shift is also courtesy of a high degree of co-planarization with 
thiophene–azomethines that such azomethines are known to preferentially adopt.26 While the 
polymer nature of the immobilized layer could not be confirmed by standard polymer solution 
based characterization techniques, it was nonetheless indirectly proven. This was in part 
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validated by the insolubility of the immobilized layer after extensive washings with solvents 
that are known to remove monomers. A degree of polymerization (DPn) ≥10 was also 
spectroscopically confirmed for 5-P3. This was based on an expected 18 nm red-shift when 
replacing thiophene with EDOT in conjugated systems
27
 and comparing the absorbance of 5-
P3 to an analogous all-thiophene polyazomethine havingabs= 610 nm and a known degree of 
polymerization.
19
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Figure 5-1. A) Normalized absorbance spectra of 5-P1 (▬), 5-P2 (▬), 5-P3 (▬), 5-P4 (▬), 
5-P5 (▬), and 5-P6 (▬) immobilized on ITO coated glass slides. Inset: photographs of the 
immobilized polymers 5-P1 (A1), 5-P2 (A2), 5-P3 (A3), 5-P4 (A4), 5-P5 (A5), and 5-P6 
(A6). B) Profilometry traces of a spray coated thin film of 5-1 + 5-4B (▬) and the 
corresponding 5-P2 (▬) prepared by the on-substrate method. 
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Ideal electrochemical properties of electrochromic materials include reversible 
oxidation and oxidation potentials above the reduction potential of oxygen (695 mV vs 
SCE).
28
 The latter ensures oxidative stability of the materials under standard aerobic 
conditions. The anodic electrochemical properties of the immobilized polymers on the ITO 
electrodes were assessed by cyclic voltammetry. The anodic process was exclusively 
evaluated given that triarylamines and thiophenes are known p-type materials.
29,30
 The 
collective cyclic voltammograms of the polyazomethines are seen in Figure 5-2. The forward 
oxidation potential measured for 5-P1, 5-P2, and 5-P3 similarly occurred at ca. 1.27 V (Table 
1). 5-P2 was slightly less positive owing to its electron donating group. Likewise, the 
oxidation potential of 5-P3 was the least positive because of its strong electron donating 
EDOT. The different reversible behavior of the polymers is obvious in Figure 5-2. For 
example, the triarylamine derivatives were reversibly oxidized. The exception was 5-P5, 
whose oxidation process was not reversible because it delaminated from the electrode with 
repeated oxidation/neutralization cycles. This was confirmed by the quadratic dependence of 
current vs. scan speed that was observed for 5-P2, 5-P5, and 5-P6. In contrast, immobilization 
of 5-P1, 5-P2 and 5-P4 on the electrode was confirmed by their linear current response with 
scan rate (Figure 5-2B, A7-41 and A7-56).
31
 The cyclic voltammetric data nonetheless afford 
clear evidence that 1 is a suitable building block for on-substrate polymerization of 
electroactive polymers. 
  
 193 
 
Figure 5-2.  A) Anodic cyclic voltammograms of 5-P1 (▬), 5-P2 (▬), 5-P3 (▬), 5-P4 (▬), 
5-P5 (▬), and 5-P6 (▬) immobilized on ITO glass slides and measured in anhydrous 
deaerated dichloromethane with 0.1 M TBAPF6. B) Forward anodic peak current as a function 
of scan rate of 5-P1. 
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Additional desired properties of electrochromic materials are reversible color changes. 
Color changes discernible by the naked eye are equally important for display applications. The 
capacity of the immobilized polyazomethines to reversibly switch colors in the visible region 
was therefore evaluated spectroelectrochemically. The absolute CIE coordinates (Table A7-1) 
of both the neutral and oxidized states were also calculated from the corresponding absorbance 
spectra.  
 
Table 5-1. Cyclic voltammetric and spectroelectrochemical data of the polyazomethines. 
  abs (nm)
a
 Eox (V)
b
 Ered (V)
c
 
elec-chem 
(nm)
d
 
chem 
(nm)
e
 
5-1 382 0.43/ 0.54 -1.53 - - 
5-P1 453 1.21 -1.56 685 703 
5-P2 465 1.26 - 741 556 
5-P3 750 0.73 -1.61 996 876 
5-P4 409 1.26 -1.78 675 520 
5-P5 418 1.44 -1.52 560 526 
5-P6 449 1.52 -0.09 560 460 
a
Absorbance of the neutral form. 
b
Forward oxidation potential.
 c
Forward reduction 
potential. 
d
Absorbance of the oxidized specie produced with an applied potential greater 
than Eox. 
e
Absorbance of the oxidized specie produced when doped with FeCl3 in ethanol.  
 
The typical spectral changes upon electrochemically switching between the neutral and 
oxidized states are shown in Figure 5-3. It is obvious that electrochemical switching of 5-P1 
occurs in the visible region. The corresponding color changes of the film for the neutral and 
oxidized states are from orange to blue, respectively (inset Figure 5-3A). Similarly, all the 
polyazomethines investigated underwent reversible color changes. The largest spectral change 
of 276 nm was observed for 5-P1, while the smallest was 111 nm for 5-P6. Interestingly, 
visible-to-NIR switching was observed with 5-P3, while the color transitions of the other 
polyazomethines were in the visible region. A representative example of the spectral changes 
with applied potential is seen for 5-P1 in Figure 5-3A. Similar spectral shifts (Table 5-1) were 
also seen for the polyazomethines upon chemical doping with ferric chloride. It is noteworthy 
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that an obvious spectral isosbestic point was observed for all the polyazomethines when 
switching between their neutral and oxidized states. This confirms the exclusive presence of 
two species (neutral and oxidized) and their interdependence. It further demonstrates that the 
color switching is not a result of polymer decomposition.  The absorbance differences between 
the electrochemically and chemically doped species (Table 5-1) are likely from different 
species being formed.  The radical cation is understood to be formed electrochemically.  
Meanwhile, chemical doping can result in a radical cation and dication. The latter can be 
formed by either two one-electron oxidations with the dopant or dismutation of two radical 
cations. 
The stability of the oxidized species towards repetitive switching was assessed from 
the transmission percent variation with applied potentials. As seen in Figure 5-3B, the 
transmission percent of both the neutral and oxidized states of 5-P1 were consistent with 
switching speed. The observed inverse relation of intensity with switching rate is consistent 
with a slow responsive material, most likely because of slow diffusion of the counter ions 
through the polymer layer. This aside, the electroactive layers derived from 5-1 could be 
switched upwards of 90 cycles without any apparent material decomposition. Afterwards, the 
intensity of the oxidized state decreased while that of the neutral state remained invariable. 
This behavior is not what is expected for polymer decomposition, but rather one of an 
oxidized state that can no longer be charged. 
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Figure 5-3. A) Spectroelectrochemistry of 5-P1 with applied voltages of 0 (▬), 900 (▬) and 
1300 (▬) mV for 30 sec. Inset: photographs of the neutral (left) and oxidized (right) states of 
5-P1 when switching potentials between 100 and 1300 mV, respectively. B) Transmission 
percent with switching potentials of +1300 and +100 mV for 10, 5 and 1 sec monitored at 685 
nm for 5-P1. Inset: zoom of the 1 sec switching region from (B). 
 
Transmissive window type electrochromic devices were fabricated using the 
polyazomethine as the electrochromic layer. This was done to confirm the viability of the on-
substrate polymerization for device preparation. Electrochromic devices were fabricated by 
depositing a UV curable gel electrolyte on top of the polyazomethine coated ITO electrode. 
With double sided transparent tape as a foam spacer, the counter ITO substrate was deposited 
on top of the gel followed by UV curing at 350 nm for 10 min. The polyazomethines were 
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immobilized on the electrode and they did not delaminate either during or after device 
assembly. This is in contrast to oligomeric azomethines that either decompose or delaminate 
from the electrode and mix with the electrolyte gel under similar conditions.
19
 These 
challenges have limited the success of previously investigated materials for electrochromic 
materials. 
Electrochromic devices were prepared using 5-P1 to 5-P6 as the electroactive layers. 
These devices were operated and tested for color changes with switching biases of + 2600 and 
+ 100 mV. Photographs of the operating device with 5-P2 as the electroactive layer are seen in 
the inset of Figure 5-4A, while the collective data are summarized in Table A7-1 (Annexe 7). 
5-P2 switched from its original (orange) to oxidized (blue) and then neutral (pink) state. It is 
evident from the photographs in the inset of Figure 5-4A that the colors of both the neutral and 
oxidized states of the device are comparable to the colors observed spectroelectrochemically 
with 5-P2 immobilized on the ITO electrode (See Annexe 7). Similar color switching was 
observed with the other polyazomethines. The devices were also found to have transmission % 
switching behavior similar to what was observed spectroelectrochemically (vide supra). The 
best duty cyle of 120 was observed with 5-P1 and 5-P2. The collective device data confirm 
that on-substrate prepared polyazomethines are suitable electrochromic materials for use in 
working devices. Improved device performance is expected with optimized device fabrication 
methods including different electroactive and electrolytic layer thickness. 
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Figure 5-4. A) Spectroelectrochemical switching with applied voltages of 0 (▬), 1400 (▬) 
and 2600 (▬) mV for 30 sec of a transmissive electrochromic device prepared from 5-P2 as 
the electroactive layer. Inset: photographs of the neutral (left) and oxidized (right) states with 
switching potentials between +100 and +2600 mV, respectively. B) Transmission percent 
change measured at 724 nm with switching potentials between + 2600 mV and + 100 mV for 
10, 5, and 1 seconds for an electrochromic device prepared from 5-P2. 
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Conclusion 
In summary, we presented a conjugated aminobisthiophene for preparing electroactive 
polymers directly on electrodes. This was done by spin coating the complementary aryl 
diamine and dialdehydes onto ITO coated surfaces and heating in an acid saturated 
environment. Smooth thin films of ca. 40 nm thickness of the immobilized polymers varied in 
color (yellow to blue), contingent on the aryl monomers. The polyazomethines exhibited 
desired electrochromic properties, including reversible oxidation and visible color switching 
with applied biases. In fact, the color difference between the neutral and oxidized states 
spanned 280 nm across the visible and into the NIR. The viability of the on-substrate method 
for electrochromic materials preparation was demonstrated with working electrochromic 
devices. The devices could be switched between their neutral and oxidized states. While 
modest duty cycles were observed, this proof-of-concept study confirms that polyazomethines 
can successively be used as electrochromic materials. These preliminary results further 
illustrate the advantages of the on-substrate method, being straight forward preparation and 
purification of the immobilized electroactive layer. Moreover, its tolerance to wide range of 
complementary aryl diamine and dialdehydes provide the means to tune both the neutral and 
oxidized states for producing functional materials having a large palette of colors. 
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Chapitre 6 
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Résumé du chapitre 
 Après avoir analysé l’effet des groupements électro-donneurs EDOT sur les 
trimères azométhines faits à base d’unités thiophènes dans les chapitres 2 et 3 ainsi que l’effet 
des liens vinyles par rapport au liens azométhines dans les chapitres 4 et 5, il est à noter que 
tous les dérivés synthétisés à partir du thiophène ne sont pas hautement fluorescents. Seuls les 
composés vinyliques possèdent un rendement quantique de fluorescence acceptable, soit de 
maximum 20%. Plusieurs hypothèses ont été émises afin de savoir quels sont les modes de 
désactivation de l’état excité des azométhines, comme mentionné dans l’introduction. Pour les 
composés vinyles, il est possible que les phénomènes de rotations des thiophènes soient à 
l’origine de la désactivation de l’état excité. Ce genre de désactivation de la fluorescence a 
déjà été observé sur les bithiophènes. Il serait intéressant d’avoir des composés qui fluorescent 
afin de pouvoir les incorporer dans des OLEDs. 
Une technique possible pour pallier au problème de la fluorescence est de créer un 
système donneur-accepteur afin de stimuler un transfert de charge intramoléculaire qui 
supporte le croisement inter-système créé par la rotation des liens. Avant d’essayer cette 
stratégie sur les azométhines ou les composés vinyliques, qui représentent un défi synthétique, 
il est d’importance de tenter d’implémenter des systèmes push-pull sur de simples dérivés du 
bithiophène.  
Les chapitres suivants traiteront de la synthèse et des propriétés des dérivés donneurs-
accepteurs du bithiophène. Le prochain explorera plus particulièrement la synthèse des 
différents dérivés ainsi que leurs propriétés photophysiques de base, telles leur absorbance, 
émission et rendement quantique de fluorescence. L’effet d’un lien imine sur les push-pull 
sera aussi analysé afin d’approfondir les connaissances sur le rôle des azométhines dans la 
désactivation de la fluorescence.  
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Abstract 
+ 
Stable 2-aminobithiophenes were prepared using the Gewald reaction. The resulting 
push-pull bithiophenes exhibited both unprecedented high fluorescence yields and stability in 
addition to demonstrating fluorescence on-off properties. 
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Introduction 
Fluorophores play important roles in many applications including emitting devices,
1
  
nonlinear optics,
2
 and lasers.
3
 They have also attracted much attention as sensors owing in part 
to their extreme sensitivity to subtle environmental modifications that are signaled by changes 
in either fluorescence intensity or emission color. These properties  are ideal for obtaining  
structural  information,
4
 fluorophore orientation,
5
 distances,
6
 and the location of active sites,
7
 
especially in biological contexts.
8
 
Ideal fluorophores for sensitive signaling applications at low concentrations must 
exhibit high fluorescence quantum  yields  (Φfl).
9
 This  is possible  with  multiple  fused 
aromatic   systems  such  as  pyrene,
10
 perylene,
11
 fluorescein,
12
 and BODIPY
13
 and FITC 
dyes,
14
 whose reduced degrees of freedom suppress nonradiative singlet excited state 
deactivation modes. Such systems however are susceptible to both challenging chemical 
modification and synthesis in addition to limited solubility in media of the desired study. 
While nonrigid conjugated systems such as bithiophene can be readily modified for  
addressing the shortcomings of their rigid counterparts, they are weakly fluorescent  (Φfl=  
0.015).
15
 The fluorescence yield of nonrigid conjugated biaryls can dramatically be increased 
by incorporating complementary electron-donating and withdrawing groups.
16
  The electronic 
push-pull effect is typically achieved with an electron-donating amine.
17
 Primary amino 
fluorophores are interesting because the emission properties can be tailored by reacting the 
amine. Also, by changing the electron density of the amine, dramatic fluorescence changes 
occur, making primary amino fluorophores interesting in situ reaction sensors. Unfortunately, 
primary  aminothiophenes  are highly unstable and few aminobithiophenes are known.
18
 
Stable 2-aminothiophenes can be prepared, provided they contain an electron-
withdrawing group in the 3-position, possible via the Gewald reaction.
19,20
 Despite the 
extensive use of this reaction for preparing pharmacologically relevant 2-aminothiophenes, 2-
aminobithiophene derivatives have not been reported. We were therefore incited to prepare    
such derivatives, especially conjugated push-pull aminobithiophenes for achieving highly 
fluorescent and stable bithiophenes. The preparation of de novo conjugated   
aminobithiophenes 6-1 to 6-5 and their cursory spectroscopic characterization are herein 
presented. 
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Results and discussion 
The preliminary step involved in the Gewald
19,20
 reaction is the Knoevenagel 
condensation of activated cynano methylenes such as ethyl cyanoacetate  or  malononitrile 
with R-methylene carbonyl compounds catalyzed by secondary and tertiary amines. This is 
followed by cyclization and oxidization with elemental sulfur. The advantage of the Gewald 
reaction is that the desired 2-aminothiophenes are prepared in one pot and can be isolated by 
standard purification methods.  Moreover, the products   are air stable and do not require inert 
atmospheres for handling. The unsaturated aldehyde precursor required for the Knoevenagel 
condensation was obtained in 61% yield by the rearrangement of thienyloxirane by adding 
trimethyl- sulfonium iodide to 2-thiophene carboxaldeyde.
21
 2-Thienylacetaldehyde was 
immediately used without isolation and purification by combining it with ethyl cyanoacetate, 
elemental sulfur, and diethylamine (DEA) in ethanol and stirred at room temperature. The 
resulting 6-1 was isolated as a solid in 25% overall yield for the combined steps and was 
stable under ambient conditions. Although higher yields of the Gewald reaction are expected 
with malononitrile owing to the symmetric Knoevenangel intermediate formed, the advantage 
of ethyl cynanoacetate is that the ester of 6-1 can be readily modified. This provides a handle 
to both tailor the solubility and covalently link the prefluorophore to other substrates. 
Nonetheless, the yield of 6-1 is consistent for the Gewald reaction.
22
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Scheme 6-1. Synthesis of 6-1 to 6-5. 
The  nitro  function is  highly complementary to  the 2-amino  group  of  6-1,  resulting  
in  a  strong  electronic push-pull system. Addition of the nitro group was done by standard 
nitration in trifluoroacetic anhydride (TFAA) and nitric acid to afford 6-3. An aldehyde was 
also selected as an alternate electron-withdrawing group for preparing the targeted highly 
fluorescent fluorophore, given that the nitro group is known to quench the fluorescence in 
certain fluorophores. The aldehyde group was introduced into 6-1 by Vilsmeier-Haack 
formylation. 6-2 was isolated in 41% yield after removal of the amine protecting N,N-dimethyl 
imine group by acidic hydrolysis. The protecting group is formed by condensation between the 
amine and DMF catalyzed by the acid generated by decomposition of the POCl3 in situ. 
Although the terminal functional groups in 6-2 could potentially condense leading to Schiff 
base polymers, no such autocondensation products were observed. This is most likely owing 
to the collective electronic effects of the two groups that deactivate both the amine and 
aldehyde, preventing autocondensation.  The preparation of both push-pull fluorophores is 
summarized in Scheme 6-1. 
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Product identification of 6-1 to 6-5 was done according to standard methods (see 
Supporting Information). Structural confirmation of 6-2 was additionally done by X-ray 
crystallography. Suitable X-ray quality crystals were grown by evaporation in acetone. The 
molecule crystallizes in a monoclinic P21/c space group with four molecules per lattice. The 
resolved crystal confirmed the correct structure for the compound, as seen in Figure 6-1. It is 
evident that the heteroatoms orient themselves in a syn arrangement, which is  uncommon   for 
bithiophenes.
23
 Meanwhile, the heterocycles are coplanar. The average angle between the two 
thiophene mean planes was found to be twisted by 4.26(14). Also, the carbonyl group is in the 
same plane with a torsion angle of 0.1(2) from the adjacent thiophene ring. Similarly, the 
amino group is also in the thiophene plane with a torsion angle of 1.02(12) from its adjacent 
thiophene. 
 
Figure 6-1. X-Ray crystal structure of 6-2. Top: face view. Bottom: Edge view. 
 
Intermolecular interactions between the molecules within the crystal lattice occur 
between the hydrogen on the terminal amine and carbonyl oxygen (2.034(18) Å) of an 
adjacent molecule. Additional hydrogen bonding occurs between the hydrogen on the terminal 
amine and the ester oxygen of another molecule with a distance of 2.231(19) and 2.299(19) Å. 
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Table 6-1. Absorbance and fluorescence data for 6-1 to 6-5
a
. 
  abs (nm)
b
 em (nm)c fl
d
 
Bithiophene
e
 303 362 0.013 
6-1 330 427 0.06 
6-2 406 498 0.83 
6-3 494 600 0.76 
6-4 424 492 ≈ 0 
6-5 422 507 0.74 
a 
Measured in anhydrous and deaerated dichloromethane. 
b
Absorbance maximum. 
c
 
Fluorescence maximum. 
d
Absolute quantum yield measured with an integrating sphere. 
e
Measure in dioxane taken from litterature.
15
 
 
Absolute quantum yields of 6-1 to 6-5 were measured with an integrating sphere.
24,25
 
The Φfl values derived from  this method are precise and absolute because they do not rely on  
actinometric standards, which are excitation wavelength, emission yield, emission wavelength, 
and solvent dependent. The measured Φfl for 6-2 and 6-3 are 83 and 76%, respectively (  
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Table 6-1). These are in contrast to 6-1 and bithiophene, whose Φfl < 0.01. The near 
unity fluores- cence yields of 6-2 and 6-3 confirm that bithiophenes can be rendered 
fluorescent courtesy of the push-pull effect from the complementary electron-donating/-
accepting groups. It is noteworthy that the fluorophores do not photobleach or undergo 
photochemical reactions even at extended irradiation times (18 h at 320 nm) and that 6-2 to 6-
5 are stable under ambient conditions.  This was confirmed spectroscopically (abs. and flu.) 
and by NMR. 
Not only can the fluorescence of bithiophene be dramatically enhanced by 
incorporating complementary electron -donating and -withdrawing groups but also the 
emission color can also be tuned.  For the aldehyde-amino pair (6-2), the emission is 
bathochromically shifted by 130 nm from the unsubstituted bithiophene while the emission of 
the stronger nitro-amino pair (6-3) is shifted by 240 nm (Figure 6-2). The emission 
wavelength can similarly be adjusted by converting 6-2 to a secondary amine as seen with 6-5. 
Most importantly, the fluorescence can be completely quenched by changing the push-pull 
electronics into a pull-pull effect. This is possible by converting the amine into an imine 
electron-accepting group (6-4), as seen in the inset of Figure 6-2. The secondary amine 6-5 
was further prepared to demonstrate that fluorescence quenching was due to electronic effects. 
As seen from the photographs in the inset of Figure 6-2 and   
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Table 6-1, there is no effect of primary vs secondary amine on the fluorescence yield. 
The push-pull aminothiophene therefore has fluorescent on/off properties with extremely high 
fluorescence yields possible in the on state. 
 
 
Figure 6-2. Fluorescence spectra of bithiophene (black ), 6-1 (red ), 6-2 (blue ), 6-3 
(green ), and 6-5 (brown ) measured in deaerated dichloromethane.  Inset: photographs of 
6-2 (A), 6-4 (B), and 6-5 (C) in dichloromethane excited with a long wavelength UV-lamp. 
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The imine 6-4, derived from the acid-catalyzed condensation of 6-2 with 2-
thiophenecarboxaldehyde, was additionally prepared to examine the electronics effect at the 
terminal positions on the fluorescence yield. As seen in   
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Table 6-1, the fluorescence of 6-4 is completely quenched. To determine whether the 
fluorescence suppression was due to rotational deactivation, the fluorescence as a function of 
temperature was investigated.  According to Figure 6-3, the fluorescence increased by only 
57% upon lowering the temperature to a point where bond rotation deactivation processes are 
suppressed. The absence of dramatic fluorescence increase at low temperatures implies that 6-
4 is quenched from intramolecular electronic effects.  This was proven by examining the 
Stern-Volmer intermolecular quenching of 6-2 with an imine prepared from benzaldehyde and 
decylamine.
26,27
 The derived bimolecular rate constant was 8.5x10
9
 M
-1
s
-1
, with the lifetime of 
6-2 = 1.3 ns. The diffusion  controlled  rate constant implies fluorophore deactivation by 
photoinduced electron  transfer from the fluorophore to the  imine quencher.
28
 This 
demonstrates the sensor-like properties of the 2-aminothiophene fluorophores whose 
fluorescence can be turned on or off by perturbing the terminal amine. Similarly, the 
fluorescence yield can be quenched by imine formation with the terminal aldehyde of 6-2. 
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Figure 6-3. Temperature dependent fluorescence of 6-4 measured in deaerated 
dichloromethane between 190 and 300 K excited at 424 nm. Inset: fluorescence quenching of 
6-2 with (E)-N-benzylidenedecan-1-amine excited at 404 nm. 
Conclusion 
In summary, we have demonstrated the first examples of stable 2-aminobithiophenes. 
The conjugated biaryls could be made highly fluorescent by incorporating complementary 
electron-donating and -withdrawing groups in the terminal positions. In fact, the measured 
quantum yields of the electronic push-pull systems are comparable to currently used 
fluorophore probes. While 2-aminobithiophenes can be prepared   by the Gewald reaction, the 
reaction can potentially be applied to any R-methylene carbonyl compound. This modular 
approach provides the means to prepare bithiophenes that could fluoresce at discrete 
wavelengths by using different precursors with various electronic groups such as EDOT or 
benzotriazole. New fluorophores with the desired emission wavelength can therefore be easily 
prepared.  The robustness of the 2-aminothiophenes toward chemical modification taken 
together with its near unity fluorescence yield serves to illustrate the potential use of this new 
class of compounds as fluorophores and on/off sensors. 
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Chapitre 7 
 220 
 
Résumé du chapitre 
 
Dans le chapitre précédent, la synthèse et la caractérisation photophysique de 
composés bithiophènes de type donneurs-accepteurs a été présentée. Il a été démontré que 
l’ajout de groupements électro-donneurs tels les amines et de groupements électro-
attracteurs tels les aldéhydes ou les nitro permettent d’obtenir des composés ayant des 
rendements quantiques de fluorescence de plus de 70%. Il a aussi été démontré que les 
azométhines désactivent la fluorescence de manière drastique lorsque ceux-ci sont 
incorporés dans les systèmes push-pull, mentionnés ci-haut.  
Afin d’obtenir de meilleures informations sur l’effet des groupements électro-
attracteurs et électro-donneurs, des composés ayant diverses combinaison de ces derniers 
ont été synthétisés et leur caractérisation sera présentée dans le présent chapitre. L’effet 
de la position du groupement électro-attracteur sur la fluorescence des  bithiophènes sera 
analysé, ainsi que l’effet de la nature des groupements donneurs et accepteurs.  
Le chapitre qui suit présente une caractérisation complète des modes de 
désactivation des bithiophènes D/A. Des analyses de l’état triplet des molécules ont été 
faites par photolyse par impulsion laser (LFP) afin de voir si l’énergie des molécules peut 
être dissipée par formation d’un état triplet et par phosphorescence. 
Un autre point important qui sera discuté est le fluorosolvatochromisme des 
molécules. Effectivement, comme celles-ci sont polaires, elles peuvent être stabilisées par 
un solvant polaire, ce qui induit un changement de couleur de la longueur d’onde 
d’émission. La fluorescence des composés a donc été analysée dans une pléthore de 
solvants ayant des polarités différentes afin de mieux comprendre les effets de 
solvatochromisme sur les molécules. Les informations obtenues sur ces molécules 
pourront ensuite être transmises à des analogues azométhines ou vinyles afin d’en 
augmenter l’utilité dans les diodes organiques électroluminescentes.  
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Abstract  
 
The solvatochromic and electrochemical properties of electronic push–pull 2-
aminobithiophenes consisting of an aldehyde and nitro withdrawing groups were 
examined. With the use of an integrating sphere, the absolute quantum yields of the 
bithiophenes were measured. They were found to be highly ﬂuorescent (ﬂ > 70%), 
provided the nitro group was not located in the 4’-position. High ﬂuorescence yields were 
observed regardless of solvent, except for alcohols, notably methanol and ethanol. 
Cryoﬂuorescence was used to probe the bithiophene temperature dependent excited state 
deactivation modes. The singlet excited state deactivation mode other than ﬂuorescence 
was found to be internal conversion involving rotation around the thiophene–thiophene 
bond. Deactivation by intersystem crossing to the triplet state occurred in ca. 40% only 
for the unsubstituted 2-aminobithiophene. In contrast, the ﬂuorescence was quenched by 
photoinduced intramolecular electron transfer when the nitro group was located in the 4’-
position of the bithiophene. Both the absorbance and ﬂuorescence of the bithiophenes 
were found to be solvatochromic with more pronounced solvent dependent shifts being 
observed with the ﬂuorescence. In fact, both the ﬂuorescence and Stokes shifts were 
linearly dependent on the ET(30) solvent parameter. Deviations from the linear trend of 
the Stokes shift with ET(30) were observed in ethanol and methanol as a result of 
intermolecular hydrogen abstraction from the solvent and by the excited nitro group. The 
oxidation potential of the bithiophenes was also highly dependent on the type and number 
of the electron withdrawing substituents, with values ranging between 0.8 and 1.2 V vs. 
SCE. 
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Introduction  
 
Conjugated materials have received much attention because of their opto-
electronic properties that are compatible for use in plastic electronics. This is particularly 
true for thiophene derivatives whose low oxidation states can easily be accessed by 
chemical doping. Also, their doped states are highly stable and can be reversibly 
generated. Meanwhile, the properties of conjugated thiophenes have resulted in their use 
in a wide range of applications including conductive layers in tactile applications,
1
 
photoactive layers in photovoltaics,
2,3
 and in anti-static packaging.
4
 
Among the interesting opto-electronic properties of conjugated thiophenes is their 
ﬂuorescence. However, high ﬂuorescence quantum yields (ﬂ) are only possible with 
thiophenes having degrees of oligomerization  greater than 6.
5
 Intersystem crossing (ISC) 
to the triplet state is the major deactivation mode of the excited singlet manifold for 
oligothiophenes consisting of six thiophene repeating units or less. This efficient pathway 
results in their quenched ﬂuorescence.6-8 While thiophenes are interesting for 
ﬂuorescence sensors, the high degree of conjugation required to take advantage of their 
high ﬂuorescence often limits their use because of solubility problems. Fluorescent 
bithiophene derivatives would be advantageous over their oligomeric or polymeric 
counterparts because of their higher solubility in a wide range of solvents, provided they 
ﬂuoresce in appreciable amounts. 
The inherent and efficient deactivation of bithiophenes by ISC must therefore be 
suppressed to make bithiophenes ﬂuorescent. This is possible by incorporating electronic 
groups that perturb the singlet–triplet energy gap. We recently demonstrated that 
incorporating complementary electron withdrawing and donating groups in conjugation 
led to highly ﬂuorescent bithiophenes.9 Interestingly, the 2-aminoderivatives 7-2 and 7-3 
(Chart 7-1) ﬂuoresced in near unity. This is in contrast to their unsubstituted bithiophene 
counterpart that ﬂuoresced in less than 2%.5 
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Chart 7-1. Bithiophenes investigated and the bithiophene numbering scheme. 
 
The bithiophenes are further chemically and photochemically inert, owing to the 
electron accepting substituent in the 3-position.
10-12
 An  additional advantage  of  the  
complementary   electronic push–pull  bithiophenes   is their photophysical   properties, 
which are found to be sensitive  to changes in their local environment,  especially  
ﬂuctuations  in polarity.13,14 These photophysical properties combined with their chemical 
and photochemical stability make them interesting candidates for solvatochromic probes 
for potential biochemical monitoring such as protein dynamics and changes in the protein 
conformation.
15-18
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Given the suitability of aminothiophenes as solvatochromic ﬂuorescence probes, 
assessing their solvatochromism is of importance for determining their limitation in such 
applications. Also, solvatochromic effects within the visible region of the spectrum would 
be advantageous for polarity probe applications. Large solvent induced absorbance and 
ﬂuorescence shifts of the conjugated push–pull systems should be possible with solvents 
of varying polarity. The absorbance and ﬂuorescence solvatochromism of the electronic 
push–pull aminothiophenes 7-1 to 7-6 were therefore investigated. The effect of the 
placement of the strong electron withdrawing nitro group on the optoelectronic properties 
is additionally described. Such studies are important for providing insight into the 
structural and electronic requirements for making new and highly ﬂuorescent thiophenes 
with low degrees of oligomerization, especially functionalized bithiophenes. 
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Experimental section 
General procedures 
All reagents were commercially available from Aldrich unless otherwise stated. 
Anhydrous and deaerated solvents were obtained from a Glass Contour solvent 
puriﬁcation system. 
Spectroscopic measurements 
 
Absorption measurements were done on a Cary 500 spectro- photometer and 
ﬂuorescence measurements were performed on an Edinburgh Instruments FLS-920 
ﬂuorimeter after deaerating the solvent for 20 minutes. Absolute quantum yields were 
measured using an integrating sphere system from Edinburgh Instruments. 
Cryoﬂuorescence 
 
Cryoﬂuorescence was performed using cryocuvettes from NSG Precision Glass 
with an OptistatDN cryostat from Oxford Instruments. The measurements were done in 
anhydrous and deaerated tetrahydrofuran. The change in tetrahydrofuran’s refractive 
index (nxK) with temperature was corrected using Equation 7-1 according  to:
19
  
                      
       
Equation 7-1. 
The temperature dependent ﬂuorescence quantum yields (xK) were corrected 
using Equation 7-2 which takes into account thetemperature dependent change in the 
refractive index relative to the absolute quantum yield at room temperature (300K):
20,21
 
           
   
     
   
Equation 7-2. 
  
 227 
Cyclic voltammetry 
Cyclic voltammetry measurements were made on a Bioanalytical System 
potentiostat. Compounds were dissolved in deaerated dichloromethane at 10
-4
 M with 0.5 
M NBu4PF6. A platinum electrode was used as the working electrode with a platinum 
wire as the auxiliary electrode. The reference electrode was a silver wire electrode. 
Ferrocene was added to the solution as an internal reference for calibrating the measured 
oxidation potentials to SCE using Epa = 435 mV vs. SCE for ferrocene.
22
 
Laser ﬂash photolysis 
 
Laser ﬂash photolysis measurements were done with a Luzchem mini-LFP system 
excited at 355 nm with the third harmonic of a Nd-YAG laser. The solutions were 
prepared with an absorbance between 0.3 and 0.4 at 355 nm. The transient absorbance 
spectra were generated by averaging the maximum absorbance over 5–7 shots per 
wavelength that were recorded at different intervals after the laser pulse. Quenching 
kinetics were done by measuring the change in the ﬁrst order rate constant as a function 
of the quencher added to the sample. The quantum yield of ISC (ISC) of 7-1, which is 
equal to the quantum yield of triplet formation (TT), was determined by relative 
actinometry using benzophenone (TT = 1).
23,24
 Optically matched samples of 
benzophenone and 7-1 at 355 nm were prepared in anhydrous and deaerated 
dichloromethane. Equimolar amounts   of 2-methylnaphthalene were added to both 
samples to quench 95% of the triplets of benzophenone and 7-1 by energy transfer within 
the laser pulse. The required concentration of 2-methylnaphtalene was determined from 
20·0
-1·kq
-1
, where t0 is the triplet lifetime of either benzophenone or 7-1 in the absence 
of 1-methylnaphtalene, and kq is their corresponding bimolecular quenching rate constant 
with 2-methylnaphtalene determined from Erreur ! Source du renvoi introuvable. 
(Annexe 6) The resulting triplet 2-methylnaphtalene produced by energy transfer from 
benzophenone and 7-1 was monitored at 420 nm. The maximum Dabsorbance at 420 nm 
was examined as a function of of laser power. The TT of 7-1 was calculated from the 
ratio of the resulting slopes as per Figure 7-8. 
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Crystal structure determination 
 
Suitable monocrystals of 7-5 for X-ray diffraction were obtained by the slow 
solvent evaporation of hexane and ethyl acetate. Diffraction data were collected on a 
Bruker FR591 diffractometer using a graphite-monochromatized CuK source with 
1.54178 Ǻ. The structure was solved by direct methods (SHELXS97).  All non-hydrogen 
atoms were reﬁned using the Fobs2 (SHELXS97) method. Hydrogen atoms were reﬁned 
at the calculated positions with ﬁxed isotropic U using the riding model techniques (Table 
7-1). 
 
Table 7-1. Details of crystal structure determination of 7-5. 
Formula (C11H9N3O6S2) 
Mw (gmol
-1
); F(000) 343.33 gmol
-1
; 352 
Crystal color and form Blue needle 
Crystal size/ mm 0.25 x 0.06 x 0.04 
T (K); dcalcd. (gcm
-3
) 200 (2); 1.715 
Crystal System Triclinic 
Space Group P-1 
Unit Cell: a (Å) 5.0101(1) 
b (Å) 10.6411(2) 
c (Å) 13.3104(2) 
  (°) 73.901(1) 
  (°) 79.183(1) 
 229 
  (°) 80.485(1) 
V (Å
3); Z 664.83(2); 2 
 range (°); Completeness 3.50 to 72.47; 0.937 
Reflections  Collected 
/independent; Rint 
8772/2538; 0.033 
  (mm–1) 3.994 
Abs. Corr. Semi-empirical 
R1(F); wR(F2) [I > 2s(I)] 0.0433; 0.1139 
R1(F); wR(F2) (all data) 0.0460; 0.1168 
GoF(F
2
) 1.014 
Max. residual e
– 
density 0.368 e
-
Å
-3
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Synthesis 
7-1, 7-2, 7-3 and 7-6 were prepared as previously reported.
9
 
Ethyl 5-amino-3’-nitro-[2,2’-bithiophene]-4-carboxylate (7-4). In anhydrous 
dichloromethane (10 mL) was dissolved 7-1 (0.506 g, 2 mmol) and triﬂuoroacetic 
anhydride (3 mL) was added dropwise at room temperature. The mixture was stirred for 
0.5 h and nitric acid (20% aqueous, 14 mL) was added dropwise with vigorous stirring at 
0°C. The mixture was stirred for 1 h at 0°C and extracted with dichloromethane. The 
organic layer was separated and the aqueous layer was extracted with dichloromethane (3 
x 20 mL). The combined organic layers were washed with water and then mixed with 
aqueous potassium carbonate (20%, 20 mL) and stirred for 1 h at room temperature. The 
organic layer was separated, washed with brine, dried by Na2SO4, and ﬁltered. After the 
solvent was evaporated, product 7-4 was isolated as a dark red solid (0.17 g, 29%) by 
purifying it over a short column of silica gel. Mp 179–181 °C. 1H NMR (400 MHz, 
acetone-d6/D2O)  = 7.59 (d, J = 5.8 Hz, 1H), 7.59 (s, 1H), 7.46 (d, J = 5.8 Hz, 1H), 4.30 
(q, J = 7.1 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H). 
13
C NMR (100 MHz, acetone-d6)  = 168.2, 
166.3, 142.1, 141.6, 132.4, 126.8, 124.6, 112.7, 107.7, 61.5, 15.6. HR-MS (ESI):calcd for 
C11H10N2O4S2 (M+H)
+
: 299.0155, found: 299.0157. 
 
Ethyl 5-amino-3’,5’-dinitro-[2,2’-bithiophene]-4-carboxylate (7-5). To 
triﬂuoroacetic anhydride (5 mL) at 0°C was added fuming nitric acid (264 mg, 4 mmol). 
The mixture was stirred for 0.5 h at 0°C. Meanwhile, 7-1 (0.506 g, 2 mmol) was 
dissolved in anhydrous dichloromethane (10 mL) and triﬂuoroacetic anhydride (3 mL) 
was added dropwise at room temperature. The mixture was stirred for 0.5 h and then it 
was added dropwise into a ﬂask of fuming nitric acid in triﬂuoroacetic anhydride at 0°C. 
The ﬁnal reaction mixture was stirred for 1 h at 0°C, poured into ice water (20 mL), and 
extracted with dichloromethane. The organic layer was separated and the aqueous layer 
was extracted with dichloromethane (20 mL x 3). The combined organic layers were 
washed with water and then mixed with aqueous potassium carbonate (20%, 20 mL) and 
stirred for 1 h at room temperature.  The organic layer was separated, washed with brine, 
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dried over Na2SO4, and then ﬁltered. The solvent was then evaporated and product 7-5 
was obtained as a dark red solid (0.45 g, 66%) after purifying it over a short column of 
silica gel. Mp 215–217 °C. 1H NMR (400 MHz, acetone-d6)  = 8.37 (s, 1H), 7.80 (s, 
1H), 7.89 (bs, 2H), 4.32 (quart, J = 7.1 Hz, 2H), 1.35 (t, J = 7.1 Hz, 3H). 
13
C NMR (100 
MHz, acetone-d6) d = 170.6, 165.8, 146.9, 144.2, 138.8, 137.0, 128.2, 111.5, 109.8, 61.9, 
15.7. HR-MS (ESI): calcd for C11H9N3O6S2 (M+H)
+
: 344.0005, found: 344.0003. 
 
Results and discussion 
 
Crystallography 
 
While mass spectrometry and NMR analyses conﬁrmed the identity of products 7-
1 to 7-6, assigning the absolute regioisomer of the nitro substituents of 7-5 is not 
straightforward. Absolute assignment of the regioisomer could however be found by X-
ray diffraction (XRD). Crystals suitable for X-ray diffraction were therefore grown from 
the slow evaporation of hexane and ethyl acetate. As seen in the top panel of Figure 7-1, 
the resolved structure conﬁrms the 2’,4’ -dinitro substitution  of 7-5.  The resolved 
structure further shows that the two thiophenes adopt an anti-parallel conﬁguration. This 
is in contrast to 7-2, whose thiophenes adopt an atypical syn orientation.
9
 
Interestingly, the two thiophenes of 7-5 are coplanar, as shown in the lower panel 
of Figure 7-1. This is in part responsible for its high degree of conjugation. The 
coplanarity of the bithiophenes is quantitatively supported by the mean planes described 
by the two thiophenes that are twisted by 2.41(1)°. Similarly, the mean plane angle of the 
thiophene and the terminal amine is twisted by only 0.59(1)°. A small twisting angle, 
1.05(1)°, was also observed for the mean planes of the thiophene and the terminal nitro 
group. The coplanarity of the terminal groups and the bithiophene implies a high degree 
of conjugation. 
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Figure 7-1. Face view for the resolved XRD structure of 7-5 (top) and edge view 
showing the coplanarity of the thiophenes (bottom). 
The organisation of the molecules in the crystal lattice is driven by hydrogen 
bonding. Two hydrogen bonds were found to occur between the amine and the ester 
oxygen of two different molecules at a distance of 2.829(5) and 3.077(2) Ǻ. The resulting 
hydrogen bonded dimer is seen in Figure 7-2. Hydrogen bonding further occurs between 
the terminal amine and oxygen of the nitro group with a distance of 3.125(2) Ǻ. It was 
further found that two molecules crystallize per lattice and the molecules crystallize in a 
ladder-type lattice, as shown in Figure 7-3. 
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Figure 7-2. Figure showing the intermolecular hydrogen bonding between the molecules 
in the lattice for 7-5. 
 
 
 
Figure 7-3. Crystal lattice packing of 7-5 shown along the c axis. 
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Absorbance and ﬂuorescence 
 
The extensive photophysical properties of 7-1 to 7-6 were analyzed given that 
only the cursory spectroscopic properties of 7-1, 7-2 and 7-6 were previously examined.
9
 
The absorbance and ﬂuorescence of the compounds were ﬁrst examined in 
dichloromethane. This was chosen as a suitable reference solvent for examining the effect 
of the different substituents on the photophysical properties owing to the high solubility 
of the compounds in this solvent. The effect of the nitro group and its placement on the 
bithiophene on the spectroscopic properties is possibly studied by comparing the 
photophysical properties of 7-3 to 7-5 to the unsubstituted benchmark aminothiophene 7-
1. As seen in   
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Table 7-2, both the absorbance and ﬂuorescence maxima of 7-2 to 7-5 are 
bathochromically shifted relative to 7-1. This is a result of the electronic push–pull effect 
of the electron donor and acceptor groups that are conjugated, resulting in an 
intramolecular charge transfer. The spectroscopic shifts are more pronounced for 7-3 and 
7-5 than for 7-2, owing to the inherent stronger electron withdrawing capacity of the nitro 
group relative to the aldehyde. The similar absorbance and ﬂuorescence maxima for 7-3 
and 7-5 imply that the additional nitro group of 7-5 does not enhance the charge transfer 
that is developed between the donor and acceptor moieties. This is in contrast to 7-4, 
whose absorbance lies between that of 7-2 and 7-3. Interestingly, its ﬂuorescence is the 
most red shifted for the bithiophene series studied. The strong red shift implies a high 
stabilization of the excited state (vide infra), most likely from excited state intramolecular 
charge transfer between the amine and the nitro substituents, which are in close 
proximity, unlike with 7-3. The absorbance and ﬂuorescence are also sensitive to 
substitution on the amine. This is evident from the absorbance and ﬂuorescence spectra of 
7-6 that are bathochromically shifted from 7-2. Interestingly, the Stokes shift of 7-2 is 
larger than 7-6. This implies that the excited state of 7-2 is more polar than 7-6, owing to 
the stronger donating character of the primary amine over that of the secondary amine. 
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Table 7-2. Spectroscopic and electrochemical data for 7-1 to 7-6 in dichloromethane 
  
abs 
(nm) 
em 
(nm) 
Stokes shift 
(cm
-1
) 
fl
 a 
(180K) 
Eg 
spec b
 
(eV) 
Epa
c
 
(eV) 
Epc
c
 
(eV) 
HOMO
d
 
(eV) 
LUMO
d
 
(eV) 
Eg 
elec e
 
(eV) 
7-1 330 427 3890 
0.06 
(0.38) 
3.1 0.79 -1.21 -5.1 -3.1 2.0 
7-2 406 498 4550 
0.83    
(1.0) 
2.6 1.07 -1.13 -5.4 -3.2 2.2 
7-3 494 600 5170 
0.76   
(1.0) 
2.2 1.15 
-0.83/    
-1.11 
-5.5 -3.5 2.0 
7-4 450 615 5960 
0.03 
(0.02) 
2.1 1.18 -1.03 -5.5 -3.2 2.2 
7-5 494 600 3575 
0.02 
(0.05) 
2.1 1.40 -1.98 -5.7 -3.3 2.4 
7-6 422 507 3970 0.74 (1.0) 2.4 
0.98/ 
1.08 
― -5.3 ― ― 
Bithiophene
f 303 362 5380 0.01 3.5 1.32 ― -5.7 ― ― 
a
 Absolute  quantum yield at room temperature determined with an integrating sphere. Values in parentheses refer to absolute ﬂ 
measured at 180 K in THF. 
b
 Spectroscopically derived energy-gap. 
c
 Relative to SCE. 
d
 Relative to vacuum calculated from the 
corresponding redox onset values and correcting for 4.3 eV. 
e
 Electrochemically derived energy-gap from the electrochemical redox 
onset values.
 f
 Taken from ref. 5, 8 and  25 in dioxane and acetonitrile. 
 
While the effect of the substitution on both the absorbance and ﬂuorescence is 
collectively summarized in   
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Table 7-2, it can also visually be seen in the photographs in Figure 7-4. Most 
striking is the colour change of both the absorbance and ﬂuorescence of the nitro 
derivatives 7-3 and 7-4 relative to 7-2. The effect of bithiophene substitution on the 
ﬂuorescence yield also can be clearly seen in the photographs. It is evident that 7-2, 7-3, 
and 7-6 ﬂuoresce while the ﬂuorescence of 7-1, 7-4, and 7-5 is quenched.  This trend was 
conﬁrmed by measuring their absolute quantum yields (ﬂ) that were obtained with an 
integrating sphere. This method is preferred over relative actinometry because a reference 
having a similar absorbance, ﬂuorescence, and quantum yield to the compound of study is 
not required. The ﬂ values determined with an integrating sphere are absolute values 
with much higher precision than the values determined by relative actinometry. As seen 
in   
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Table 7-2, the push–pull bithiophenes ﬂuoresce in excess of 70%. This is in 
contrast to 7-1, 7-4, and 7-5 whose ﬂ are less than 6%. The quenched ﬂuorescence of 7-
4 and 7-5 is clearly a result of the nitro substituent in the 4’-position, especially given that 
7-3 strongly ﬂuoresces. Meanwhile, the quenched ﬂuorescence observed for 7-1 suggests 
that an electron donor–acceptor conﬁguration is required to suppress the inherent 
ﬂuorescence deactivation. 
 
Figure 7-4. Photographs of 7-1 to 7-6 in dichloromethane under ambient light 
(top) and irradiated with a 350 nm UV lamp (bottom). 
 
Cryoﬂuorescence 
 
To further investigate the room temperature ﬂuorescence deactivation modes of 7-
1, 7-4, and 7-5, their cryoﬂuorescence was carried out. Low temperature ﬂuorescence 
provides the means to identify the room temperature deactivation processes, in parti- 
cular those occurring by internal conversion such as rotation around the thiophene–
thiophene bond.
26,27
 Deactivation by this process is suppressed at reduced temperatures 
resulting in ﬂuorescence enhancement. This is in contrast to singlet excited state 
quenching by ISC to the triplet state that is an inherent property. As a result, it is 
temperature independent. The cryoﬂuorescence was done in THF because of its low 
freezing temperature, low polarity, and aprocity ensuring high ﬂuorescence. Despite this, 
the measurable cryoﬂuorescence temperature range was 300 to 180 K. While lower 
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temperatures would be beneﬁcial for gaining information about the absolute temperature 
required to completely suppress the intramolecular deactivation processes, the lower 
temperature limit for the cryoﬂuorescence measurements had to be maintained at 10 K 
above the solvent freezing point. This was done to avoid the large solvent volume change 
at the solvent freezing point that could potentially crack the cuvette during the 
measurements. Nonetheless, intramolecular molecular dynamic modes of ﬂuorescence 
quenching were expected to occur within the operating temperature range of the 
cryoﬂuorescence measurements.28 
The temperature dependent ﬂuorescence of 7-1 is seen in Figure 7-5. It is evident 
that the ﬂuorescence increases as the temperature is decreased. This trend points towards 
ﬂuorescence deactivation by rotation around the thiophene–thiophene bond. While 
deactivation via the loose belt effect of the amine cannot be ruled out, the high ﬂ 
measured for both 7-2 and 7-3 implies that rotation around the thiophene–amine bond is a 
minor deactivation mode. 
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Figure 7-5. Cryoﬂuorescence of 7-1 in anhydrous tetrahydrofuran from 300 (●) to 180 K 
(▬), uncorrected for the temperature dependent refractive index change of the solvent. 
Inset: temperature dependent fluorescence quantum yield of 7-1 in anhydrous and 
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deaerated tetrahydrofuran, corrected for the temperature dependent solvent refractive 
index change. 
 
Using the absolute ﬂ measured at 300 K, the absolute ﬂ as a function of 
temperature could be calculated according to Equation 7-2 when taking into account the 
temperature dependent refractive index of the solvent described by Equation 7-1. The 
temperature effect on the ﬂ is seen in the inset of Figure 7-5. It is clear that the ﬂ of 7-1 
at 180 K increased 6.5 times relative to the ﬂuorescence at 300 K. While the exact 
ﬂuorescence enhancement possible at temperatures lower than the operating limit of the 
cryoﬂuorescence measurements cannot be determined, the ﬂ of 7-1 nonetheless 
increased from 6% at 300 K to 38% at 180 K. This ﬂuorescence enhancement conﬁrms 
that bond rotation is a signiﬁcant deactivation mode for 7-1. It further conﬁrms that 
deactivation of the excited state by ISC is not the exclusive ﬂuorescence quenching  
mode, as is the case with unsubstituted bithiophenes at room temperature. 
The cryoﬂuorescence of 7-2, 7-3 and 7-6 was also done as control experiments. 
These were done to ensure that the measured cryoﬂuorescence enhancement was a true 
phenomenon and not from solvent effects. The three compounds were examined because 
of their high ﬂuorescence at room temperature. Little ﬂuorescence enhancement was 
therefore expected at reduced temperatures.  The ﬂuorescence of 7-2, 7-3 and 7-6 at 180 
K increased 1.3 times relative to the ﬂuorescence at 300 K. The corrected ﬂuorescence 
enhancement at low temperatures leads to ﬂ≈ 1. The unity ﬂuorescence yield conﬁrms 
that the slight reduction in ﬂuorescence at room temperature observed for 7-2, 7-3, and 7-
6 is a result of molecular dynamics such as bond rotation. 
Unlike 7-1, the cryoﬂuorescence of 7-2 to 7-6 led to red shifts at reduced 
temperature. The most pronounced shift was 45 nm for 7-5 (Figure 7- 6), while 7-3 and 
7-4 were shifted by 20 nm. The ﬂuorescence at 180 K of both 7-2 and 7-6 was shifted by 
only 10 nm relative to their ﬂuorescence at 300 K. Normally, a hypsochromic shift occurs 
at reduced temperatures because of slower solvent reorganization, resulting in its reduced 
capacity to stabilize the ﬂuorophore’s excited state.13 However, the red shift implies an 
increased stability of the excited state at reduced temperatures. This is a result of 
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increased planarization of the bithiophenes by adopting the anti conﬁguration.29 This 
places the nitro group proximal to the thiophene for 7-4 and 7-5. The O4··· S2 distance 
calculated from the XRD data is 2.616(1) Ǻ. The crystal data suggest that an O··· S 
interaction occurs between the nitro and thiophene given that the measured distance is 
smaller than the van der Walls  radius (3.25 Ǻ).30 However, this interaction is not 
expected in the ground state because of poor molecular overlap of the heteroatoms caused 
by constrained angles. The absence of O··· S interaction in the ground  state is supported 
by the lack of temperature dependent  changes in the absorbance  spectra (see Annexe 6). 
In contrast, the bond elongation and slight bending of the thiophene–thiophene bond in 
the excited state favour the O··· S interaction, which is in part responsible for the large 
red shift. 
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Figure 7- 6. Cryoﬂuorescence of 7-5 in anhydrous tetrahydrofuran between 300 
(●) and 180 K (▬). 
 
In contrast to 7-1, both 7-4 and 7-5 exhibited little ﬂuorescence enhancement at 
low temperatures. The ﬂuorescence increase for 7-4 and 7-5 was 2.4 and 5.3 times, 
respectively. Both internal conversion and ﬂuorescence therefore account for less than 
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10% of the singlet excited state deactivation modes. The weak ﬂuorescence is not 
surprising given that the nitro group is a well-known ﬂuorescence quencher owing to its 
electron inductive and mesomeric withdrawing properties.
13,31,32
 These lead to efficient 
singlet excited state deactivation by photo-induced electron transfer. To determine 
whether this was the case for both 7-4 and 7-5, the ﬂuorescence quenching of 7-3 was 
examined with nitromethane and 2-nitrothiophene. 7-3 was chosen because accurate 
quenching studies are possible owing to its high ﬂuorescence. Also, its similar structure 
to 7-4 and 7-5 makes it a suitable model compound. 
Both nitromethane and 2-nitrothiophene were selected as quenchers because they 
are transparent in the spectral window used for the quenching studies. Nitromethane  is 
further known as an efficient ﬂuorescence quencher, while 2-nitrothiophene is 
isoelectronic to the nitro group substituted at the 4’-position of 7-4 and 7-5.13,26,27 The 
measured bimolecular quenching constants for nitromethane and 2-nitrothiophene were 
1.6x10
9
  and 9.1x10
11
 M
-1
 s
-1
, respectively. The diffusion controlled quenching with 2-
nitrothiophene implies rapid and efficient ﬂuorescence quenching by photoinduced 
electron transfer between the bithiophene and the nitro quencher. The photoinduced 
electron transfer process is slower for nitromethane owing to its higher reduction 
potential compared to 2-nitrothiophene.  Nonetheless, the observed quenching conﬁrms 
that the ﬂuorescence of both 7-4 and 7-5 is quenched by intramolecular photoinduced 
electron transfer involving the nitro group in the 4’-position at room temperature. This 
deactivation process occurs because the nitro group is electronically isolated. This is in 
contrast to 7-3, where the nitro group is conjugated with the heterocycles. 
Laser ﬂash photolysis 
 
Laser ﬂash photolysis of 7-1 to 7-6 was additionally investigated for providing 
more insight into the deactivation modes of the bithiophenes. This transient absorbance 
method provides the means to spectroscopically detect light induced transients such as 
triplets, radical ions, or photoproducts. As seen in Figure 7-7, both 7-1 and 7-2 produced 
transients that absorbed at 425 and 450 nm, respectively, upon excitation at 355 nm. 
While the ﬁrst order decay (inset, Figure 7-7) suggests that the transient of 7-2 is a triplet, 
its identity was conﬁrmed by quenching with known triplet quenchers. For example, the 
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transient was quenched both with 1,3-cyclohexadiene and 2-methylnaphthalene with 
bimolecular rate constants of 1.1x10
9
 and 5.6x10
8
 M
-1
 s
-1
, respectively. 
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Figure 7-7. Transient absorbance spectra of 7-1 (●) and 7-2 (●) recorded at 
1.3 and 2.4 ms, respectively,   after the  laser pulse at 355  nm in 
acetonitrile. Inset: transient absorbance kinetics of 7-1 (▬) and 7-2 (●) recorded at 420 
and 450 nm respectively. 
 
In contrast to 7-2, the transient of 7-1 dissipated with mixed ﬁrst and second order 
kinetics. The rapid ﬁrst order component was quenched with both 1,3-cyclohexadiene and 
2-methylnaphthalene with bimolecular rate constants of 3x10
9
  and 6.4x0
9
  M
-1
 s
-1
, 
respectively. The longer lived component was unaffected with the addition of triplet 
quenchers. While the ﬁrst order fast kinetics was assigned to the triplet, the long lived 
second order component most likely is a radical cation. This intermediate is not 
surprising since bithiophenes are known to readily photo-oxidize.
33
 Of particular interest 
are 7-3 to 7-6 that did not produce detectable transients when irradiated. 
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Given that both 7-1 and 7-2  produced  triplets visible with the LFP  system, their 
yield of triplet formation (TT) was determined  by relative  actinometry  against  
benzophenone (TT = 1).
23,24
 Normally, the molar absorptivity of the triplet to be 
determined must be accurately known for determining the TT directly against 
benzophenone.
34
 However, the measurements can be simpliﬁed by choosing a triplet 
quencher that produces the same transient in both the reference and sample to be 
analysed. This was done by preparing samples of benzophenone, 7-1 and 7-2 that were 
optically matched to within 1% at the excitation wavelength of 355 nm. Identical 
amounts of 2-methylnaphthalene were added to each sample such that 95% of the triplets 
produced would be rapidly quenched within the laser pulse. Upon excitation, the triplet of 
the sample to be analyzed is rapidly deactivated by energy transfer to produce the triplet 
of methylnaphthalene, which is visible at 420 nm. The maximum signal corresponding to 
the triplet of methylnaphthalene is then examined as a function of laser power. The triplet 
quantum yield can then be derived from the ratio of the slopes in Figure 7-8, according to 
Equation 7-3. Using this method, the TT of 7-1 was calculated to be 0.4. The combined 
LFP and temperature dependent ﬂuorescence data conﬁrm that both ISC and nonradiative 
IC are the predominant ﬂuorescence deactivation modes of 7-1. Unfortunately, the TT of 
7-2 could not be determined because of its ground state bleaching that overlapped with 
the methyl- naphthalene triplet at 420 nm. Despite this, its TT is expected to be 
negligible given that the cryoﬂuorescence conﬁrmed that the singlet excited state is 
deactivated by ﬂuorescence in 83% and ca. 17% by internal conversion. 
 
   
        
           
                 
   
            
 
Equation 7-3. 
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Figure 7-8. Maximum triplet absorbance of 2-methylnaphthalene  as a function of laser 
power monitored at 420 nm for 7-1 (●) and benzophenone (■) in dichloromethane.  Inset: 
triplet  decay of 2-methyl- naphthalene   generated   by  energy   transfer from  7-1 (●)   
and benzophenone (■) at 7.4 mJ laser power at 355 nm. 
 
Solvatochromism 
 
The spectroscopic properties of 7-2 to 7-6 should be solvent dependent owing to their 
donor–acceptor arrangement. In particular, both the absorbance and ﬂuorescence of these 
compounds should undergo solvent induced changes. Red shifts in the absorbance and 
ﬂuorescence are expected with polar solvents owing to the stabilization of the 
intramolecular charge transfer (ICT) occurring between the terminal donor–acceptor 
groups. To conﬁrm this, the absorbance and ﬂuorescence spectra of 7-2 to 7-6 were 
investigated in both aprotic and protic organic solvents of varying polarity. The effect of 
solvent polarity is seen in the representative absorbance spectra for 7-2 in Figure 7-9. 
Bathochromic shifts ranging between 13 and 45 nm were observed for 7-2 to 7-6. As 
expected, smaller shifts were observed for 7-2 and 7-6 owing to the weaker electron 
withdrawing carbonyl group. In contrast, the largest shift of 45 nm was observed with 7-
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3. This is a result of the stronger withdrawing character of the nitro group and the 
collective electronic push–pull effect. The effect of the solvent polarity on the absorbance 
of 7-2 and 7-3 is evident in the lower panels of Figure 7-9. While slight colour changes 
between transparent and green were possible with 7-2, the solvent induced colour 
changes were more pronounced with 7-3, with colours ranging from yellow to red. 
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Figure 7-9. Top: normalized absorbance (left) and normalized fluorescence (right) of 7-2 
in (■), ether (●), tetrahydrofuran (▲), ethyl acetate (▼), chloroform (), 
dichloromethane (◄), dimethyl formamide (►), acetonitrile (), dimethyl sulfoxide () 
and ethanol (). Photographs of 7-2 (middle panel) and 7-3 (top panel) taken under 
ambient light (left) and irradiated with a 350 nm UV lamp (right) in solvents of 
increasing polarity upon going from left to right 
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The solvent induced shifts were also observed with the fluorescence of 7-2 to 7-6. 
Similar to what was observed with the absorbance, the smallest red shifts (67 nm) were 
seen with 7-2 and 7-6. Meanwhile, the largest solvent induced shift of 92 nm was 
observed for 7-3, whilst 7-4 and 7-5 were both shifted by a maximum of 80 nm. The 
effect of solvent polarity on the emission colour is evident in Figure 7-9 with the 
emission colour of 7-2 varying between blue and green. In contrast, the range of colours 
is more extensive with 7-3, with colours ranging from yellow to red. The larger solvent 
induced bathochromic shifts for the ﬂuorescence compared to those for the absorbance 
conﬁrm that the excited state is more polar than the corresponding ground state for 7-2 to 
7-6. The larger bathochromic shift observed for 7-3 relative to 7-2 and 7-6 suggests that 
an ICT state is formed in the excited state. Nonetheless, the ﬂuorescence yields of both 7-
2 and 7-3 are solvent independent, with the exception being alcohols (vide infra). The 
consistent ﬂ conﬁrms that deactivation by ISC is not a competitive ﬂuorescence 
quenching deactivation mode for 7-2, 7-3, and 7-6. Otherwise, signiﬁcant ﬂuorescence 
quenching would be seen in polar solvents with these bithiophenes, owing to the 
narrowing of the singlet–triplet energy gap, which favors ISC to the triplet manifold. 
The solvent induced changes were examined according  to the Lippert–Mataga 
method  This involves  plotting the observed  Stokes  shift (vst)  as  a function of the 
solvent’s orientation  polarizability  (f), which is described  by the solvent’s  
refractive  index  ( ) and its dielectric constant ( ), according to Equation 7-4. 
    
   
    
 
    
     
 
Equation 7-4. 
The Stokes shift is related to    according  to Equation 7-5, where m is the 
solvent’s molecular weight,   is the solvent density,    is Avogadro’s  number,   is 
the speed of light,   is Planck’s constant, and    and    are the excited and ground state 
dipoles,  respectively. Therefore, the Lippert–Mataga   plot should be linear, provided the 
solvent–solute are exclusively dipolar. As seen in Figure 7-10, there is a poor linear 
correlation of the Stokes shift of 7-2 with the solvent orientation polarizability. The linear 
regression of the Lippert–Mataga plots for 7-2 to 7-6 ranged from 0.08 to 0.71. Poor 
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linear correlations were observed with 7-4 to 7-5, implying that strong solute–solvent 
interactions other than dipole–dipole interactions occur in the excited state. Also, the lack 
of good linear correlation for 7-2 to 7-6 further suggests that strong solute–solvent 
interactions  take place for the bithiophenes studied  
 
     
       
    
       
            
Equation 7-5. 
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Figure 7-10. Lippert–Mataga plot showing the Stokes shift of 7-2 as a function of the 
solvent orientation polarizability (f). 
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Table 7-3. Spectroscopic properties of 7-2 to 7-6 in different solvents. 
 
      2   3   4   5   6 
Solvent f ET(30)
a 
abs 
(nm)
em 
(nm)
Stokes 
Shift 
(cm-1) 
fl 
(%)b 
abs 
(nm)
em 
(nm)
Stokes 
Shift 
(cm-1) 
fl 
(%)b 
abs 
(nm)
em 
(nm)
Stokes 
Shift 
(cm-1) 
fl 
(%)b 
abs 
(nm)
em 
(nm)
Stokes 
Shift 
(cm-1) 
fl 
(%)b 
abs 
(nm)
em 
(nm)
Stokes 
Shift 
(cm-1) 
fl 
(%)b
Toluene 0.013 33.9 403 477 3850 82 
 
455 566 4310 97 
 
449 564 4541 4 
 
491 566 2699 4 
 
413 476 3205 64 
Ether 0.167 34.5 403 483 4110 78 
 
455 560 4121 92 
 
450 585 5128 2 
 
496 567 2525 1 
 
408 477 3545 64 
Tetrahydrofuran 0.210 37.4 411 492 4006 78 
 
471 589 4253 85 
 
457 592 4990 2 
 
503 590 2932 ≈0 
 
415 497 3976 89 
Ethyl acetate 0.200 38.1 406 487 4097 81 
 
463 584 4475 79 
 
453 597 5325 2 
 
496 585 3067 2 
 
411 492 4006 61 
Chloroform 0.149 39.1 406 502 4710 74 
 
463 604 5042 62 
 
453 606 5573 2 
 
493 595 3477 1 
 
421 504 3912 63 
Dichloromethane 0.218 40.7 406 498 4550 83 
 
494 600 5170 76 
 
450 615 5960 3 
 
494 600 3575 2 
 
422 507 3970 74  
Acetonitrile 0.305 45.6 407 511 5001 76 
 
469 631 5474 34 
 
454 630 6153 ≈0 
 
493 626 4310 ≈0 
 
413 515 4796 60 
Dimethyl sulfoxide 0.263 45.4 424 530 4717 73 
 
499 652 4703 ― 
 
478 644 5393 1 
 
523 645 3617 1 
 
― ― ― ― 
Ethanol 0.290 51.9 416 541 5554 17 
 
472 608 4739 ≈0 
 
454 608 5579 2 
 
503 598 3158 ≈0 
 
418 538 5336 12 
Methanol 0.309 55.4 415 544 5714 4 
 
471 617 5024 ≈0 
 
456 603 5346 2 
 
496 583 3009 1 
 
412 544 5889 2 
a Values taken from Ref  1 and 2. b  Absolute fluorescence quantum yield determined by an integrating sphere.  
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The Reichardt–Dimroth’s ET(30)  solvent  index is a more versatile parameter for 
correlating the solvent induced ﬂuorescence changes given that it takes into account both 
general polarity and hydrogen  bonding  effects.
37
  The ﬂuorescence maximum was  
subsequently examined  as  a function of ET(30). As seen in Figure 7-11, a good correlation 
with this solvent parameter was obtained for all the bithiophenes. The linear trend is valid for 
all the solvents, with the exception of methanol and ethanol, which are grouped within the red 
circle in Figure 7-11. It should be noted that similar trends were also observed for the Stokes 
shift as a function of ET(30) for all the bithiophenes. The observed ﬂuorescence shifts are less 
than predicted for 7-3 to 7-5 for these two protic solvents. Only in the case of 7-2 and 7-6 was 
the linear trend extended to include the two polar protic solvents. The linear trend observed for 
7-2 and 7-6 suggests that hydrogen bonding is not the reason for the observed deviation from 
linearity for the protic solvents for 7-3 to 7-5. While hydrogen bonding does not account for 
the deviation from linearity for 7-3 to 7-5 in protic solvents, the origin is most likely a result of 
the nitro group. 
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Figure 7-11. The change of ﬂuorescence maximum of 2 (■), 3 (●), 4 (▲), 
5 (▼) and 6 (◄) as a function of ET(30) of various solvents. 
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To further investigate the origins of the decreased Stokes shift with the polar protic 
solvents, the ﬂuorescence quenching of 7-3 with methanol was examined in dichloromethane. 
Aliquots of methanol were added to a maximum of 5 vol%. This was to ensure that the 
absorbance did not change, which would otherwise require correcting the ﬂuorescence 
intensities. The ﬂuorescence of 7-3 was quenched with the addition of methanol as seen in 
Figure 7-12. The ﬂuorescence lifetime also shortened with the addition of methanol. Both the 
steady-state and lifetime measurements conﬁrm that methanol quenches the excited state of 7-
3 with 3.7x10
9
 M
-1
s
-1
 kinetics, based on the  measured ﬂuorescence lifetime of 2.7  ns.  The 
slower diffusion controlled rate constant implies that the deactivation process is not efficient. 
However, the quenching process is more efficient when the alcohol quencher is used as the 
solvent because of its much higher effective concentration than the excited state concentration 
of the ﬂuorophore. 
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Figure 7-12. Fluorescence quenching of 7-3 as a function of methanol (■), deuterated 
methanol (●) and isopropanol (▲). Inset: the fluorescence change of 7-3 measured in 
dichloromethane as a function of added methanol. 
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While the exact mode of deactivation cannot be assigned from these quenching   
measurements, the quenching was further done with deuterated methanol. Slower quenching 
kinetics with deuterated methanol would conﬁrm that the protic solvent quenches the 
ﬂuorescence by intermolecular hydrogen abstraction. In contrast, similar quenching kinetics 
for both the deuterated and non-deuterated solvents would suggest that hydrogen bonding in 
the excited state plays an important role in deactivation. As seen in the inset of Figure 7-12, 
the quenching of 7-3 with deuterated methanol is 2.6 times slower than with methanol.  The 
difference conﬁrms that hydrogen abstraction from the solvent by the excited nitro is the 
primary deactivation mode.
1
 This was further conﬁrmed by similar quenching of 7-3 with 
isopropanol. The same quenching kinetics were observed when measuring the change in 
ﬂuorescence lifetimes of 7-3 as a function of added quencher, conﬁrming that the quenching is 
process dynamic. Hydrogen abstraction by the nitro group is therefore responsible for the 
deviation from linearity for the ﬂuorescence of 7-3 to 7-5 vs. ET(30) plot, especially since this  
deactivation  is  not accounted  for in the ET(30) parameters. 
Conclusion 
 
It was found that highly ﬂuorescent bithiophenes were possible by incorporating   
complementary electron donating and accepting groups in the 2,2’-positions. The 
complementary electronic push–pull groups, when conjugated, suppressed the otherwise 
efficient ISC ﬂuorescence quenching mode in mono- and unsubstituted bithiophenes. The 
stronger electron withdrawing character of the nitro group led to intensely coloured 
absorbance and ﬂuorescence in the visible when it was placed in the 2’-position. Both the 
absorbance and ﬂuorescence could be varied with solvent polarity with colours covering a 
large portion of the visible spectrum. These solvatochromic properties concomitant with high 
ﬂuorescence quantum yields make the push–pull bithiophenes interesting polarity probes for 
potential biological imaging and sensor applications.  Meanwhile, the cryoﬂuorescence and 
quenching studies provided insight into the structural and electronic requirements for 
suppressing competitive ﬂuorescence deactivation modes. This knowledge is pivotal for the 
design and subsequent preparation of highly ﬂuorescent oligothiophenes for potential use as 
functional materials, in particular, in plastic electronics. 
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Conclusion 
 La recherche sur les matériaux conjugués est un domaine en plein essor puisque 
l’optimisation des propriétés opto-électroniques de ces matériaux est encore un défi de taille 
pour les chercheurs. Il est d’importance de pouvoir synthétiser des composés de façon simple, 
efficace et peu coûteuse ainsi que de manière reproductible afin que les molécules organiques 
puissent remplacer les composés inorganiques dans différents dispositifs. Cela aura, à long 
terme, des répercussions environnementales et économiques positives puisque les matériaux 
organiques seront moins coûteux à produire, plus faciles à manœuvrer  et ils pourront, selon 
leur processus de synthèse, être considérés comme des matériaux « verts ». La présente étude 
se concentrait, dans un premier temps, sur le développement de nouveaux matériaux 
azométhines pouvant être incorporés dans des dispositifs électrochromiques et, dans un 
deuxième temps sur des petites molécules conjuguées fluorescentes pour des applications de 
détection. L’étude a été divisée en 7 chapitres menant à la compréhension de divers 
paramètres importants, tels l’effet de l’addition de groupements électro-donneurs sur les 
propriétés opto-électroniques des petites molécules, la stabilité hydrolytique des azométhines, 
les propriétés isoélectroniques des azométhines et de leurs analogues vinyliques, les 
performances en dispositifs électrochromiques de polyazométhines ainsi que la fluorescence, 
la désactivation de celle-ci et le solvatochromisme de petites molécules de bithiophène.  
Le premier chapitre de cette thèse était un résumé des recherches déjà entamées sur les 
propriétés opto-électroniques des azométhines synthétisés à base de thiophènes et autres 
hétérocycles à 5 atomes. Ce chapitre traitait particulièrement des molécules faites à partir du 
dérivé aminothiophène nommé DAT. Tout d’abord, une brève description des modes de 
synthèse connus des azométhines a été présentée. Il a été démontré que la synthèse de petites 
molécules azométhines nécessite peu ou pas de purification, ne demande pas d’utiliser de 
catalyseurs dangereux pour l’environnement et est hautement reproductible. Cela permet donc 
d’avoir des matériaux conjugués qui sont toujours de la même pureté d’une réaction à l’autre, 
ce qui est crucial pour l’incorporation des matériaux dans des dispositifs. 
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Par la suite, il a été démontré que les azométhines sont des matériaux qui ont beaucoup 
de potentiel, puisqu’ils ont été incorporés dans une panoplie d’applications diverses. 
Effectivement, les azométhines ont des applications en microbiologie et en biologie, ainsi que 
pour la préparation de polymères ayant une grande stabilité thermique. Les imines ont aussi 
été incorporées dans des cellules photovoltaïques organiques (OPV), des transistors 
organiques à effet de champs (OFET) et des dispositifs électrochromiques avec succès. Leurs 
propriétés électrochromiques sont d’ailleurs très intéressantes puisque plusieurs matériaux ont 
démontré des changements de couleur drastiques et une grande stabilité. Finalement, les 
imines ont aussi été utilisées afin de fabriquer des cristaux liquides (LC) à haute stabilité 
thermiques. Toutes ces applications sont encourageantes pour la recherche sur ce type de 
matériaux. 
Dans tous les cas décrits précédemment, les composés azométhines n’étaient pas 
conçus uniquement d’unités de répétition à base de thiophène comme il en est le cas dans cette 
présente étude. L’utilisation de dérivés du thiophène dans les matériaux permet d’obtenir des 
molécules hautement planaires comme le démontre les résolutions de structures cristallines. 
Ceci est avantageux puisque la planéité du système permet une augmentation de la 
délocalisation des électrons .  
L’effet de l’augmentation du nombre d’hétérocycles sur les propriétés opto-
électroniques des azométhines est connu. Il est présenté que plus le nombre de groupement 
thiophènes incorporés dans les molécules est élevé, plus les longueurs d’ondes d’absorbance 
seront déplacées de façon bathochromique. Un raisonnement semblable peut être effectué au 
niveau des potentiels d’oxydation, soit que plus le système est conjugué, plus les potentiels 
d’oxydations seront faibles. Les mêmes phénomènes sont démontrés avec l’augmentation du 
nombre de liens imines dans les molécules. Ces tendances sont d’une grande importance pour 
le design de nouveaux matériaux, puisqu’il est possible d’estimer la longueur d’onde 
d’absorbance d’un composé seulement en se référant à la longueur de son système conjugué.  
Les azométhines analysées au début de la recherche dans le groupe Skene étaient 
composées de dérivés du thiophène. Or, il existe d’autres types d’hétérocycles contenant 5 
atomes, comme les furanes où les pyrroles. Des petites molécules azométhines peuvent être 
synthétisées facilement avec ces différents hétérocycles. Les propriétés opto-électroniques de 
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ces composés sont facilement modulables. Effectivement, les dérivés du furane possèdent des 
absorbances déplacées vers le bleu par rapport aux dérivés du thiophène puisqu’ils possèdent 
une aromaticité plus faible. À l’opposé, comme le pyrrole est un composé hautement électro-
donneur, des absorbances déplacées vers le rouge ont été observées pour les dérivés du 
pyrrole. Ainsi, des composés asymétriques peuvent être synthétisés afin de couvrir un large 
éventail de longueurs d’ondes, soit de 45 nm dans le spectre du visible. Il est intéressant de 
noter que ces dérivés d’hétérocycles sont électrochromes et démontrent des changements de 
couleur importants lors de l’application d’un potentiel oxydatif.  
Une autre façon possible pour moduler les propriétés des petites molécules 
d’azométhines est d’incorporer des groupements électro-donneurs, tels que des amines et 
électro-attracteurs, tels des aldéhydes ou des nitro, en bout de chaîne. Cela a pour effet de 
créer des composés donneurs-accepteurs, donneurs-donneurs ou accepteurs-accepteurs qui ont 
des absorbances couvrant une très grande partie du spectre du visible, soit plus de 250 nm.  
Finalement, le Chapitre 1 nous donne des informations sur la synthèse de 
polyazométhines et leurs propriétés. Il est démontré qu’il est possible de synthétiser des 
polymères ayant des masses moléculaires moyennes en nombre (Mn) de plus de 15 Kgmol
-1
 
avec un indice de polydispersité (PDI) de 1,3.  Ces polymères sont stables à l’air et possèdent 
à la fois une oxydation et une réduction réversible, en faisant des matériaux à la fois dopés p et 
dopés n, ce qui est hautement avantageux. Par contre, leur synthèse est laborieuse et nécessite 
l’incorporation de longues chaînes alkyles afin d’augmenter la solubilité du produit, ce qui 
peut affecter les performances en cellules solaires, par exemple.  
La recherche présentée dans cette étude était donc basée sur les informations résumées 
ci-haut. L’objectif principal était d’améliorer les propriétés des azométhines et de fabriquer 
des dispositifs électrochromiques stables et réversibles, qui sont capable de soutenir plusieurs 
cycles de charge/décharge.  
Les premiers efforts sur le design intelligent de petites molécules azométhines sont 
décrits dans le Chapitre 2. Puisqu’il était su que les molécules possédant des groupements 
électro-donneurs pouvaient avoir des propriétés opto-électroniques modulables, 
l’incorporation d’un groupement électro-donneur connu, le 3,4-éthylènedioxythiophène 
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(EDOT) dans un trimère a été effectué. Il a été démontré que le remplacement d’un thiophène 
par l’EDOT permet d’obtenir un déplacement bathochromique de son absorbance de 70 nm 
ainsi qu’une diminution du potentiel d’oxydation de 250 mV. D’ailleurs, l’oxydation du 
nouveau composé s’est avérée être un processus réversible, menant à des propriétés 
spectroélectrochimiques des plus intéressantes. Effectivement, la nouvelle molécule décrite 
dans ce chapitre possède 3 changements de couleurs réversibles, soit de rose, à bleu, à vert et à 
transparent, lorsqu’oxydé. Le même type de comportement est observé lors de l’oxydation 
chimique du composé. Cela fait de la molécule le premier trimère azométhine à démontrer du 
polyélectrochromisme. La résolution de la structure cristalline de cette molécule a aussi 
permis de démontrer sa coplanarité, ce qui appuie le fait que le système présent est hautement 
conjugué.  
Les résultats prometteurs décrits au Chapitre 2 ont grandement motivé la recherche 
présentée au Chapitre 3. Puisque l’incorporation d’une unité EDOT dans un trimère 
azométhine a permis d’obtenir un composé hautement conjugué et électrochromique, une série 
d’analogues a été préparée afin de voir l’effet sur les propriétés opto-électroniques. Dans un 
premier temps, des trimères contenant des blocs EDOT et des thiophènes ont été synthétisés. 
Encore une fois, ces matériaux sont hautement coplanaires selon la résolution de structure 
rayon-X. Les propriétés opto-électroniques peuvent aussi être modulées, tout dépendant du 
nombre d’unités EDOT introduits ainsi que de leur position dans la molécule. Cela permet 
d’avoir des matériaux couvrant une gamme de longueurs d’ondes de 100 nm en effectuant des 
changements mineurs dans la structure du matériau. Il est aussi possible de contrôler la 
réversibilité de l’oxydation en mettant les groupements EDOT au centre de la molécule ou en 
bout de chaîne. Cela peut être utilisé pour effectuer l’électropolymérisation des trimères sur 
une électrode d’ITO, ce qui peut être pratique pour l’incorporation dans divers dispositifs 
puisque c’est une méthode simple de dépôt sur surface.  
Tous les trimères analysés au Chapitre 3 sont électrochromes de façon réversible, mais 
seul le composé du Chapitre 2 démontre un changement de plusieurs couleurs. Cela est dû à la 
présence d’amines terminales sur la molécule. Les trimères peuvent aussi subir des oxydations 
chimiques avec le FeCl3 comme oxydant. Des changements de couleurs similaires à leur 
oxydation électrochimiques ont lieu et ce, sans décomposition. Ceci est d’une grande 
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importance puisque les azométhines sont connus pour être des composés instables, car le lien 
imine est un lien réversible. Or, dans le cas des composés hautement conjugués, aucune 
décomposition n’est observée lorsqu’ils sont soumis à des conditions rudes.  
Finalement, le Chapitre 3 décrit le premier exemple de polymérisation sur surface 
d’une amine avec un aldéhyde pour créer un polyazométhine insoluble. Un polymère d’EDOT 
et de thiophène diamine fut synthétisé. Son absorbance à très haute longueur d’onde ainsi que 
son oxydation réversible en font un candidat intéressant pour diverses applications. 
Malheureusement, le polymère ne semble pas démontrer de propriétés électrochromiques 
suffisantes pour l’incorporation dans des dispositifs.  
Lors des premiers chapitres, il a été grandement justifié que l’utilisation de liens imines 
par rapport au lien vinylliques était hautement avantageuse puisque ces deux liaisons sont 
connues pour être isoélectroniques, ce qui signifie qu’elles devraient engendrer les mêmes 
propriétés. Cela fait en sorte que seul le mode de synthèse devrait influencer le choix des liens 
lors de la conception de nouveaux matériaux. Or, cette affirmation se base sur une étude qui 
traite uniquement de polymères avec des unités aromatiques à 6 atomes. De plus, cette étude 
décrit majoritairement les propriétés thermiques de ces matériaux. Donc, avant de pouvoir 
poursuivre la recherche sur les azométhines, il était d’importance de s’assurer de la véracité du 
caractère isoélectronique des imines et des vinyles.  
Le Chapitre 4 était donc consacré à la synthèse et la caractérisation photophysique de 
composés vinylliques analogues à des azométhines dont les propriétés sont déjà connues. Il a 
été d’abord observé qu’il est difficile d’obtenir des analogues vinyls directs aux azométhines à 
cause de leur mode de synthèse nécessitant des produits de départ qui sont trop instables pour 
être synthétisés. Cela nuit grandement au processus de comparaison des propriétés opto-
électroniques et c’est pourquoi des calculs de théorie de fonctionnelle de densité ont été 
effectués sur des analogues directs.  
Les composés vinyls disponibles par voie de synthèse ont démontré une grande 
planéité de leur squelette conjugué selon la résolution de la structure cristalline, ce qui est 
similaire aux analogues azométhines. De plus, il est possible de contrôler les propriétés opto-
électroniques des vinyls en incorporant des groupements électro-donneurs et électro-
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accepteurs. Par contre, l’ajout de l’hétéroatome pour créer un lien imine électro-attracteur crée 
des déplacements bathochromiques dans leur absorbance, permettant d’avoir des systèmes qui 
absorbent dans une plus large plage de longueurs d’ondes visibles. Un des avantages des liens 
vinyls est l’augmentation des rendements quantiques de fluorescence des molécules puisque 
certains modes de désactivation inhérents aux liens imines sont supprimés. Par contre, les 
composés vinyls ont tendance à être facilement isomérisés lorsqu’ils sont illuminés, ce qui 
réduit leurs potentielles applications en cellules solaires. Les composés vinyls ont aussi 
démontré des oxydations entièrement réversibles, contrairement à certains dérivés 
azométhines, ce qui peut suggérer une meilleure stabilité à l’oxydation. Leurs potentiels 
d’oxydation se trouvent aussi à plus faible énergie que les azométhines. 
Des calculs de DFT ont été effectués afin de pouvoir comparer directement des 
analogues vinyls et azométhines non disponibles par voie de synthèse. Dans tous les cas, 
l’effet de l’introduction de l’amine démontre des niveaux HOMO et LUMO de plus faible 
énergies que pour les vinyls, ce qui mène à un déplacement bathochromique dans leur 
absorbance calculée. Les orbitales frontières HOMO et LUMO ont aussi été calculées pour 
pouvoir comparer les distributions électroniques sur le squelette conjugués des molécules. 
Dans tous les cas, l’ajout de l’hétéroatome n’a pas d’influence sur les distributions, montrant 
que les liens imines sont bien isoélectroniques aux liens vinyls. Cela permet donc d’affirmer 
avec confiance que ces matériaux peuvent être de bons remplacements aux liens C=C.  
Suite aux conclusions tirées dans le Chapitre 4, il a été suggéré de combiner les liens 
vinyls et les liens imines dans un seul matériau afin d’en faire des dispositifs 
électrochromiques intéressants. Jusqu’à présent, le seul composé diamine utilisé pour faire des 
azométhines était le DAT, qui contient une seule unité thiophène. Or, grâce au Chapitre 4, il a 
été démontré qu’il est possible d’obtenir une diamine composée de deux unités thiophènes 
reliées par une liaison vinylique. Le Chapitre 5 exploite donc ce nouveau bloc afin de créer de 
nouveaux polymères.  
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L’incorporation de petites molécules dans des dispositifs électrochromiques peut être 
un problème puisqu’il faut qu’elles soient insolubles dans le gel électrolytique utilisé pour la 
fabrication, ce qui est rarement le cas. Il est donc avantageux d’utiliser des polymères 
insolubles afin de pallier à se problème. La synthèse de polymères directement sur surface a 
donc été effectuée, de manière similaire à celle décrite au Chapitre 3.  
Des polymères avec deux types de diamines ont été effectués, soit avec le vinylène 
diamine et le 1,4-phénylène diamine, dans le but de pouvoir comparer l’effet des différents 
systèmes aromatiques à 5 ou 6 atomes. Les dialdéhydes choisis ont été des dérivés de la 
triphénylamine (TPA), puisqu’elle est connue pour être un composé facilement oxydable, et 
l’EDOT. Dans tous les cas, la polymérisation a été faite avec succès, même s’il est impossible 
de déterminer la masse molaire du polymère fait sur surface. Un déplacement bathochromique 
dans les longueurs d’ondes d’absorbance des polymères par rapport aux monomères est une 
bonne indication que la polymérisation a eue lieu.  
Tous les polymères ont démontré des propriétés électrochromiques intéressantes, avec 
des changements de couleurs rapides et drastiques. Malheureusement, les polyazométhines 
synthétisés à partir de la phénylène diamine avaient tendance à se délaminer de la surface 
lorsqu’oxydés. Néanmoins, les matériaux faits avec la nouvelle diamine ont montré des 
changements de couleurs constants pendant plus de 90 cycles de charge/décharge. 
Des dispositifs électrochromes ont été fabriqués pour tous les polymères. Encore une 
fois, les performances des polyazométhines contenant les unités 1,4-phénylène diamine étaient 
moindres. Des changements de couleurs d’orange à bleu ont été observés pour les polymères 
ayant des TPAs et le composé vinyle comme produits de départs. Ces changements ont pu être 
observés sans décomposition apparente pendant plus de 120 cycles de charge/décharge. Ceci 
est encourageant puisque cela démontre qu’il est possible d’obtenir de nouveaux polymères 
électrochromes efficaces en combinant les liens vinyle et imines. 
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Les Chapitres 6 et 7 sont consacrés, quand à eux, aux propriétés de fluorescence de 
composés de bithiophènes donneurs-accepteurs. Étant donné qu’il a été observé dans les 
chapitres précédents que les azométhines ne sont pas fluorescents à cause de leurs modes de 
désactivations intrinsèques et que la fluorescence est une autre propriété opto-électronique 
recherchée des matériaux conjugués, des bithiophènes ayant de hauts rendements quantiques 
de fluorescence ont été synthétisés. 
Dans le Chapitre 6, la synthèse et la caractérisation de bithiophènes contenant 
différents groupements électro-donneurs, tels les amines primaires et secondaires et différents 
groupements électro-attracteurs, dont les nitro et les aldéhydes ont été reportés. La résolution 
de la structure cristalline d’un des bithiophènes a démontré qu’ils sont coplanaires, ce qui est 
un avantage pour pouvoir avoir un transfert de charge intramoléculaire menant à une 
exaltation de la fluorescence.  Les rendements quantiques de ces nouveaux bithiophènes 
étaient de plus de 70%, ce qui est une énorme amélioration par rapport aux bithiophènes qui 
ne sont pas des systèmes donneurs-accepteurs. L’ajout d’un lien imine dans une des molécules 
a complètement désactivé la fluorescence, menant à un rendement quantique de pratiquement 
0%. Des mesures à basse température ont permis d’affirmer que les azométhines étaient 
désactivées par des effets électroniques intramoléculaires.  
Ces premières études sur les propriétés intéressantes de ces bithiophènes ont été 
approfondies dans le Chapitre 7. En effet, ce dernier chapitre explore les effets de la position 
des groupements électro-donneurs sur les bithiophènes, la dissipation complète de l’énergie 
absorbée ainsi que les propriétés de fluorosolvatochromisme de ces molécules. Il a été trouvé 
que de modifier les bithiophènes en ajoutant un groupement électro-donneur en position 4’ 
désactive la fluorescence. Des analyses de cryofluorescence ont démontré qu’il y avait peu 
d’augmentation du rendement quantique lorsque la molécule est immobilisée, probablement 
causée par le groupement nitro. Des études de désactivations ont permis d’affirmer que le 
groupement nitro isolé diminue la fluorescence par transfert d’électron photoinduit. 
Les nouveaux bithiophènes fluorescents ont tous démontré des propriétés de 
solvatochromisme intéressantes, ayant des déplacements bathochromiques de leur longueur 
d’onde d’émission allant jusqu’à 45 nm avec des rendements quantiques de fluorescence 
constants. Dans tous les cas, les composés ayant des groupements nitro ont démontré une 
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désactivation de la fluorescence dans les solvants protiques, tels le méthanol et l’éthanol. Une 
droite de Stern-Volmer pour la désactivation avec ces solvants comparé à un même solvant 
deutéré a permis de conclure que cette diminution de l’intensité d’émission était causée par 
abstraction d’hydrogène par le groupement nitro.  
Bien que les composés bithiophènes n’aient pas encore trouvés d’applications directes, 
les connaissances apportées sur leur sujet peuvent permettre une meilleure compréhension des 
mécanismes de désactivations de la fluorescence dans les petites molécules, ce qui est crucial 
pour la conception de nouveaux composés fluorescents. D’ailleurs la stratégie D/A devrait être 
incorporée aux azométhines afin d’en augmenter la fluorescence.  
Il est évident que la recherche sur les propriétés modulables des matériaux conjugués 
est loin d’en être à sa fin et que plusieurs efforts sont encore requis afin de mieux comprendre 
comment faire la conception de matériaux aux propriétés désirées. Bien que les azométhines 
soient des matériaux prometteurs grâce à leur facilité de synthèse ainsi que la possibilité de 
moduler simplement leurs propriétés opto-électroniques, il reste encore des questions non 
éclaircies à leur sujet. Par exemple, plusieurs composés ayant des groupements électro-
donneurs EDOTs ont été synthétisés et caractérisés. Il serait pertinent de pouvoir comparer les 
effets des groupements électro-donneurs posés directement sur les thiophènes en comparant 
les propriétés avec différentes protections éthers. L’effet d’ajouts de groupement électro-
attracteurs dans la chaîne centrale des molécules n’a pas non plus été analysé. Il serait 
particulièrement intéressant de pouvoir comparer les effets de groupements de style D/A dans 
les molécules. Comme il existe une panoplie de composés électro-donneurs et attracteurs, il 
faudrait vérifier l’effet en choisissant les blocs de façon à minimiser les étapes de synthèse 
organique, tout en ayant des matériaux efficaces.  
Une autre manière d’améliorer l’efficacité de la conception de nouveaux matériaux 
serait d’effectuer des calculs de DFT avant de faire la synthèse des nouvelles molécules. Ainsi, 
il serait possible de mieux prédire les comportements des nouveaux matériaux à synthétiser, et 
cela permettrait d’avoir une approche beaucoup plus sélective en termes de synthèse. Pour ce 
faire, des collaborations avec des chercheurs ayant une grande expertise en chimie 
computationnelle seraient de mise.  
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Comme les composés azométhines analysés ne présentaient jamais de réduction 
réversible, il serait bien de pouvoir créer un matériau qui possède des liens imines et qui peut 
être dopé n en utilisant des groupements pyridines ou pyrazine. Cela pourrait avoir des 
applications utiles pour l’électrochromisme. Il serait d’autant plus avantageux d’obtenir des 
matériaux qui possèdent des changements de couleur autant lorsqu’ils sont oxydés que 
lorsqu’ils sont réduits. Or, très peu est connu au niveau des azométhines sur la possibilité 
d’obtenir ce genre de systèmes.  
Il serait aussi crucial de combiner les connaissances obtenues sur l’exaltation de la 
fluorescence des petites molécules et de les appliquer sur les composés azométhines pour 
obtenir des imines fluorescentes. De la recherche sur les polyazométhines fluorescents a déjà 
été entamée au sein du groupe Skene, mais aucune petite molécule n’a été conçue afin d’être 
fluorescente auparavant. Étant donné que les azométhines démontrent plusieurs modes de 
désactivation de leur état excité, une approche permettant de cibler quel mode de désactivation 
est contrôlé serait de mise afin de pouvoir effectuer un design efficace d’azométhines 
fluorescents. L’augmentation du fl des azométhines est un problème de taille qui n’est pas 
trivial à résoudre. Beaucoup de travail doit être encore fait afin d’augmenter la compréhension 
des phénomènes de désactivation. Les composés fluorescents peuvent être d’une grande utilité 
en électronique plastique en tant que couche émettrice en OLEDs par exemple.  
Les composés azométhines ont ici seulement été incorporés dans des dispositifs 
électrochromes. Même si ces dispositifs ont démontré d’excellentes performances, cela n’est 
pas suffisant pour leur utilisation commerciale. Une optimisation de la fabrication des 
dispositifs serait donc requise. L’effet du gel électrolytique choisi devrait être investigué, ainsi 
que celui de l’épaisseur des couches de polymères sur surface. Effectivement, l’effet du gel 
peut être assez drastique s’il est plus ou moins conducteur. Le solvant utilisé dans le gel 
pourrait aussi avoir une influence sur les couleurs observées lors de l’oxydation à cause 
d’effets de solvatochromisme. Un gel aqueux fait à partir d’Agar pourrait par exemple être 
utilisé. Le solvant peut aussi avoir un effet sur le gonflement de la couche polymère 
permettant ou empêchant le passage des ions vers l’électrode. Aussi, la technique de 
réticulation du gel peut avoir une influence sur les performances. Dans le cas présent, il est 
possible que la réticulation sous lampe UV ait engendré l’isomérisation des liens vinyls dans 
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les polymères, diminuant ainsi l’efficacité de coloration du dispositif ainsi que sa stabilité. Il 
serait donc intelligent d’essayer un gel qui se réticule par la chaleur au lieu de par la lumière.  
Le type de contre-ion utilisé dans le gel électrolytique peut aussi avoir un effet 
particulièrement important sur les performances des dispositifs électrochromes. Le gel utilisé 
dans la présente étude utilisait le tétrabutyl ammonium hexafluoroborate, principalement à 
cause de sa propension à être soluble dans le polycarbonate. Il serait d’une grande importance 
de mieux connaître les effets de la taille des ions sur la mobilité du gel. Pour l’utilisation 
présente, il est nécessaire que l’anion soit d’une taille assez faible pour pouvoir pénétrer dans 
la couche de polymère vers l’anode. Ainsi, un contre-ion de plus faible rayon pourrait 
permettre une meilleure conductivité. Aussi, un cation de plus petite taille comme le Li
+
 
pourrait avoir un meilleur effet. Finalement, la force ionique et la concentration du sel utilisé 
peut avoir une grande influence sur la conductivité du gel.   
L’épaisseur des couches polymères peut aussi jouer un rôle crucial dans l’efficacité du 
dispositif électrochrome. Si la couche est trop épaisse, il y aura mauvaise diffusion des ions et 
l’oxydation du matériau ne pourra être complétée, menant à un dispositif ne changeant pas de 
couleur de façon efficace. D’un autre côté, si la couche est trop mince, le changement de 
couleur ne sera pas assez visible à l’œil nu. Il faudrait donc optimiser l’épaisseur afin d’obtenir 
la meilleure efficacité de coloration possible.   
 Il serait aussi fortement utile d’acquérir plus de connaissances sur les comportements 
des polyazométhines à l’état solide. Des mesures d’AFM devraient être effectuées afin de 
connaître la morphologie des polymères sur surface. Il serait aussi important de vérifier s’ils 
peuvent se réorganiser après recuit afin d’améliorer les performances des dispositifs. Il serait 
aussi utile de tenter de fabriquer des dispositifs en utilisant une couche de polymère 
transparent qui peut être dopé n afin d’améliorer leur stabilité. Toutes ces informations 
seraient nécessaires afin d’améliorer non seulement les performances des polyazométhines en 
dispositifs électrochromes, mais aussi pour connaître des paramètres cruciaux pour leur 
incorporation dans d’autres dispositifs de l’électronique plastique.  
Dans les chapitres 2 et 3, la spectroélectrochimie de trimères azométhines à été 
caractérisée en solution. Or, ces petites molécules n’ont jamais été introduites dans des 
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dispositifs parce qu’elles sont solubles dans le gel électrolytique actuellement utilisé, ce qui 
crée des piètres performances. S’il était possible d’optimiser un gel afin de pouvoir faire des 
dispositifs avec ces petites molécules, cela serait d’un grand avantage. Il serait fortement 
intéressant de voir si les trimères possèdent des changements de couleurs similaires en 
solution et à l’état solide. Si cela était le cas, il serait alors possible de fabriquer le premier 
dispositif montrant des changements de couleurs réversibles multiples lors de l’oxydation à 
partir de petites molécules faites de lien imines.  
Une autre solution afin d’effectuer des dispositifs avec des petites molécules serait de 
les attacher directement sur une surface. Aussi, il serait possible de modifier les groupements 
thiophènes afin de pouvoir réticuler les matériaux, sans perdre les propriétés des bouts de 
chaîne, qui sont responsables des changements de couleur multiple des trimères azométhines. 
Cette approche semble prometteuse, bien que les problèmes d’organisation des molécules sur 
les surfaces persistent. Effectivement, il est difficile de prévoir comment les petites molécules 
vont s’organiser lors de la déposition sur une surface. Ainsi, il est possible qu’il y ait 
aggrégation ou empilement des molécules, ce qui peut modifier complètement les propriétés 
électrochromes des matériaux.  
Tous les dispositifs présentés dans cette thèse ainsi que tous ceux fabriqués par les 
membres du groupe ont été faits dans des conditions atmosphériques ambiantes. Il serait 
important de pouvoir analyser l’effet de l’encapsulation sur les performances des dispositifs. Il 
est possible que de fabriquer des dispositifs en atmosphère anhydre et en absence d’oxygène 
permette d’augmenter leur stabilité au cycle charge/décharge.  
L’optimisation de l’efficacité des dispositifs est donc un problème de taille pour les 
futurs chercheurs qui travailleront dans le groupe Skene. Il sera crucial de développer une 
bonne expertise en chimie de surface ainsi qu’en électrochimie. De plus, il n’est pas garanti 
que l’optimisation ait le même effet pour tous les matériaux analysés. Il est beaucoup plus 
probable que des conditions générales à la fabrication de bons dispositifs soient mises au 
point, mais qu’il faille effectuer de l’optimisation pour chacune des molécules analysée. 
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Les  propriétés opto-électroniques des azométhines en font des candidats idéals pour 
l’incorporation dans d’autres types de dispositifs de l’électronique plastique, plus 
particulièrement dans les cellules photovoltaïques organiques. Autant les petites molécules 
que les polyazométhines pourraient être de bons candidats pour être des couches absorbantes 
dans les OPVs puisqu’ils absorbent une grande quantité de lumière dans le visible. De plus, les 
matériaux possèdent des HOMO et LUMO qui sont en accord avec les énergies de ces 
orbitales pour les couches transporteuse de trou (ou accepteur) comme il l’est démontré à la 
Figure 8-1 pour les petites molécules présentées au Chapitre 3 et le PC60BM qui est le 
composé le plus utilisé en OPVD. Il est important que les LUMO des matériaux donneurs 
soient de plus haute énergie que celles de l’accepteur afin de favoriser le transfert de charge 
intermoléculaire.  C’est ici que les connaissances sur la morphologie en couche mince des 
polyazométhines seraient les plus utiles particulièrement pour la fabrication de cellules 
solaires à hétérojonction. Des efforts ont déjà été faits en ce sens, mais n’ont donné aucuns 
résultats hautement positifs pour l’instant.  
 
Figure 8-1. Différences d’énergies des orbitales HOMO et des orbitales LUMO entre le 
PC60BM et les petites molécules caractérisées aux Chapitres 2 et 3. 
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Il serait aussi possible de miser sur les améliorations des propriétés de fluorescence 
pour intégrer les azométhines dans des diodes organiques électroluminescentes (OLEDs). 
L’optimisation des performances en OLED est d’autant plus difficile puisqu’il faut à la fois 
avoir des connaissances approfondies sur la mobilité des électrons dans le matériau, sa 
morphologie et sa photoluminescence. Comme il existe une panoplie de couches permettant 
d’injecter et de recevoir des électrons pour augmenter les performances en OLED, cela 
consiste en un projet de longue haleine. 
L’incorporation des azométhines en électronique plastique requiert des connaissances 
approfondies en chimie, en ingénierie et en physique. Il serait donc d’une importance capitale 
d’effectuer des collaborations avec des chercheurs spécialisés dans ces domaines afin de 
pouvoir miser sur l’utilisation des imines dans des dispositifs. 
Comme il est possible de le remarquer, la recherche sur les azométhines nécessite 
encore d’y accorder des efforts considérables afin de rendre ces matériaux viables pour 
l’électronique plastique. Bien qu’il soit maintenant possible d’estimer les comportements 
opto-électroniques des matériaux grâce à la quantité extensive de dérivés synthétisés ayant des 
propriétés différentes, il n’est toujours pas possible de prédire avec exactitude les longueurs 
d’onde d’absorbance ou les potentiels d’oxidation. Par contre, la réversibilité des processus 
électrochimiques peut être prédite lorsque l’on regarde la structure d’une molécule. De plus, il 
est possible de synthétiser une série de composés analogues et de pouvoir prédire les 
tendances dans les abs. Cela est pratique lorsqu’on veut penser à la synthèse d’une nouvelle 
molécule ayant des propriétés précises. Évidemment, lorsqu’on recherche une propriété 
particulière, il est possible que les modifications synthétiques à effectuer sur les thiophènes 
rendent le processus de synthèse des polyazométhines long et ardu. Il est d’une grande 
importance de pouvoir juger si l’augmentation de la difficulté de la synthèse va permettre 
d’avoir des propriétés opto-électroniques suffisamment accrues pour justifier l’ajout de 
plusieurs étapes lors de la fabrication du matériau. Il est crucial de toujours garder en tête 
qu’une molécule dont la synthèse est coûteuse et longue, bien que ces propriétés soient 
merveilleuses, peut être négligée par l’industrie chimique au profit d’un composé semblable et 
beaucoup plus simple de synthèse. 
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De plus, bien qu’il soit possible d’estimer les propriétés opto-électroniques des 
matériaux, leur performance en dispositif, elle, ne peut pas être déterminée préalablement. 
Comme mentionné précédemment, les comportements des molécules en couche mince sont 
différents de ceux en soltution et, pour l’instant, ne peuvent pas être estimés avec exactitude. 
Cela fait en sorte que la synthèse de matériaux peut mener à des résultats négatifs en 
dispositif. Il serait d’importance d’effectuer une étude de façon combinatoire sur une série de 
matériau azométhines afin de pouvoir associer certaines caractéristiques moléculaires à la 
performance en dispositif des composés. 
En bref, il reste encore beaucoup de travail à faire sur les matériaux conjugués faits à 
partir d’azométhines afin de pouvoir bien connaître leur mode de fonctionnement. Des 
connaissances dans divers domaines de la science sont nécessaires afin de mieux comprendre 
les effets des structures des molécules sur leur performance en dispositif. Cela rend la 
recherche sur l’électronique plastique d’autant plus intéressante, puisqu’elle est 
pluridisciplinaire et nécessite l’apport non seulement de différentes branche de la chimie, 
comme la chimie organique, la photophysique et l’électrochimie, mais aussi l’apport 
d’ingénieurs et de physiciens.  
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Experimental Section 
 
General Procedures 
 
All reagents were commercially available and were used as received unless 
otherwise stated.  Anhydrous and deaerated solvents were obtained with a solvent 
purification system. 
1
H-NMR and 
13
C-NMR spectra were recorded on a 400 MHz 
spectrometer with the appropriate deuterated solvents. 
 
Spectroscopic Measurements 
 
The absorption measurements were done on a spectrometer and the fluorescence 
studies were performed on a fluorimeter after deaerating the samples thoroughly with 
nitrogen for 20 minutes. 
 
Electrochemical Measurements 
Cyclic voltammetric measurements were done on a potentiostat system. Compounds 
were dissolved in anhydrous and deaerated dichloromethane at 10-4  M with 0.1 M NBu4PF6.      
A platinum  electrode  was  used  as  the  working  electrode  with  a  platinum  wire  as  the 
auxiliairy electrode and an Ag/AgCl electrode as the reference electrode. 
 
 
  
V 
Spectroelectrochemical Measurements 
Spectroelectrochemical  measurements  were  done  by  coupling  a  potentiostat  
with  a spectrometer using a cuvette designed for this experiment and a platinum mesh 
electrode as  the  working  electrode.  The other parameters are the same as in normal 
cyclic voltammery experiments that was described above. 
 
  
VI 
 
Figure A1-1. 
1
H NMR spectra of 2-3 in acetone-d6 
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VII 
 
Figure A1-2. 
13
C NMR spectra of 2-3 in DMSO-d6 
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VIII 
Annexe 2- Chapitre 2 
Résolution de la structure cristalline.
  
IX 
 
Table A2-1. Crystal Data.
2(C28H30N4O10S3)·C4H8O F(000) = 1496 
Mr = 1429.64 ? 
Triclinic, P  Dx = 1.375 Mg m
−3
 
Hall symbol: -P1 Melting point: ? K 
a = 12.4058 (3) Å Cu Kα radiation, λ = 1.54178 Å 
b = 12.7466 (3) Å Cell parameters from 25 reflections 
c = 22.2219 (5) Å θ = 15.0–30.0° 
α = 85.946 (1)° µ = 2.49 mm−1 
β = 80.488 (1)° T = 150 K 
γ = 86.8971 (11)° Needle, red 
V = 3453.78 (14) Å
3
 0.14 × 0.12 × 0.05 mm 
Z = 2 
 
 
 
 
  
  
X 
Table A2-2. Data Collection.
 
Bruker Smart 6000  
diffractometer  
13091 independent reflections 
Radiation source: Rotating anode 8356 reflections with I > 2σ(I) 
Montel 200 optics  Rint = 0.086 
Detector resolution: 5.5 pixels mm
-1
 θmax = 72.7°, θmin = 2.0° 
/w scans  h = −15 15 
Absorption correction: multi-scan  
SADABS (sheldrick, 1996) 
k = −15 15 
Tmin = 0.745, Tmax = 0.887 l = −27 27 
42751 measured reflections 
 
Refinement of F
2
 against ALL reflections. The weighted R-factor wR and goodness of fit S are 
based on F
2
, conventional R-factors R are based on F, with F set to zero for negative F
2
. The 
threshold expression of F
2
 > 2sigma(F
2
) is used only for calculating R-factors(gt) etc. and is not 
relevant to the choice of reflections for refinement. R-factors based on F
2
 are statistically about 
twice as large as those based on F, and R- factors based on ALL data will be even larger. 
 
 
  
  
XI 
Table A2-3. Refinement. 
Refinement on F
2
 
Secondary atom site location: difference 
Fourier map 
Least-squares matrix: full 
Hydrogen site location: inferred from 
neighbouring sites 
R[F
2
 > 2σ(F2)] = 0.063 H-atom parameters constrained  
wR(F
2
) = 0.149 
w = 1/[σ2(Fo
2
) + (0.0804P)
2
]  
where P = (Fo
2
 + 2Fc
2
)/3 
S = 0.93 (Δ/σ)max = 0.001 
13091 reflections Δρmax = 0.50 e Å
−3
 
972 parameters Δρmin = −0.57 e Å
−3
 
193 restraints Extinction correction: none 
? constraints Extinction coefficient: ? 
Primary atom site location: structure-
invariant direct methods 
 
 
Refinement of F
2
 against ALL reflections. The weighted R-factor wR and goodness of fit S are 
based on F
2
, conventional R-factors R are based on F, with F set to zero for negative F
2
. The 
threshold expression of F
2
 > 2sigma(F
2
) is used only for calculating R-factors(gt) etc. and is 
not relevant to the choice of reflections for refinement. R-factors based on F
2
 are statistically 
about twice as large as those based on F, and R- factors based on ALL data will be even larger. 
 
  
  
XII 
Table A2-4. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å
2
). 
 
 
x y z Uiso*/Ueq Occ. (<1) 
S11 0.34364 (6) 0.95105 (6) 0.20241 (3) 0.03185 (19) 
 
S12 0.14056 (6) 0.87332 (6) 0.44498 (3) 0.03170 (19) 
 
S13 −0.11176 (6) 0.72224 (6) 0.66798 (3) 0.0365 (2) 
 
N11 0.5114 (2) 0.9243 (2) 0.11268 (11) 0.0536 (8) 
 
H11A 0.5806 0.9129 0.0969 0.064* 
 
H11B 0.4617 0.9338 0.0886 0.064* 
 
N12 0.2902 (2) 0.93208 (17) 0.32959 (10) 0.0292 (6) 
 
N13 0.0484 (2) 0.77924 (18) 0.56917 (11) 0.0338 (6) 
 
N14 −0.1326 (3) 0.6179 (2) 0.77772 (12) 0.0614 (9) 
 
H14A −0.1075 0.5823 0.8083 0.074* 
 
H14B −0.2032 0.6325 0.7800 0.074* 
 
O11 0.70739 (18) 0.8762 (2) 0.15389 (10) 0.0621 (7) 
 
O12 0.71429 (17) 0.87354 (17) 0.25422 (9) 0.0448 (6) 
 
O13 0.50695 (17) 0.81683 (15) 0.36771 (9) 0.0375 (5) 
 
O14 0.56289 (17) 0.98338 (15) 0.35845 (9) 0.0367 (5) 
 
O15 −0.05665 (17) 1.00483 (16) 0.33909 (9) 0.0378 (5) 
 
O16 −0.17470 (16) 0.92827 (15) 0.45667 (9) 0.0348 (5) 
 
O17 0.2527 (2) 0.5946 (2) 0.60825 (16) 0.0967 (12) 
 
O18 0.2729 (2) 0.7557 (2) 0.63466 (18) 0.1112 (13) 
 
O19 0.2144 (2) 0.57078 (19) 0.74563 (14) 0.0800 (9) 
 
O110 0.0600 (3) 0.5369 (2) 0.81058 (15) 0.1004 (12) 
 
C11 0.4815 (2) 0.9270 (2) 0.17392 (13) 0.0343 (7) 
 
  
XIII 
C12 0.5452 (2) 0.9142 (2) 0.22007 (13) 0.0296 (7) 
 
C13 0.4795 (2) 0.9194 (2) 0.27916 (12) 0.0265 (6) 
 
C14 0.3699 (2) 0.9357 (2) 0.27857 (12) 0.0258 (6) 
 
C15 0.1878 (2) 0.9564 (2) 0.32632 (13) 0.0300 (7) 
 
H15 0.1679 0.9867 0.2892 0.036* 
 
C16 0.1054 (2) 0.9375 (2) 0.37855 (13) 0.0305 (7) 
 
C17 −0.0061 (2) 0.9564 (2) 0.38409 (13) 0.0301 (7) 
 
C18 −0.1755 (2) 0.9978 (3) 0.35192 (14) 0.0417 (8) 
 
H18A −0.1956 0.9283 0.3411 0.050* 
 
H18B −0.2096 1.0527 0.3265 0.050* 
 
C19 −0.2184 (2) 1.0120 (2) 0.41872 (13) 0.0364 (8) 
 
H19A −0.1971 1.0809 0.4299 0.044* 
 
H19B −0.2993 1.0114 0.4259 0.044* 
 
C110 −0.0631 (2) 0.9190 (2) 0.44162 (13) 0.0303 (7) 
 
C111 0.0044 (2) 0.8726 (2) 0.47973 (13) 0.0297 (7) 
 
C112 −0.0243 (2) 0.8255 (2) 0.54045 (13) 0.0320 (7) 
 
H112 −0.0985 0.8287 0.5598 0.038* 
 
C113 0.0230 (2) 0.7316 (2) 0.62728 (14) 0.0325 (7) 
 
C114 0.0976 (3) 0.6816 (2) 0.65860 (16) 0.0402 (8) 
 
C115 0.0496 (3) 0.6333 (2) 0.71672 (16) 0.0458 (9) 
 
C116 −0.0636 (3) 0.6495 (2) 0.72798 (15) 0.0440 (9) 
 
C117 0.6623 (3) 0.8867 (3) 0.21266 (14) 0.0387 (8) 
 
C118 0.8238 (9) 0.8221 (9) 0.1446 (6) 0.040 (2) 0.481 (11) 
H11C 0.8791 0.8761 0.1420 0.048* 0.481 (11) 
H11D 0.8315 0.7728 0.1803 0.048* 0.481 (11) 
C119 0.8438 (8) 0.7634 (10) 0.0878 (4) 0.070 (3) 0.481 (11) 
  
XIV 
H11E 0.8045 0.6978 0.0949 0.105* 0.481 (11) 
H11F 0.9224 0.7469 0.0766 0.105* 0.481 (11) 
H11G 0.8178 0.8068 0.0545 0.105* 0.481 (11) 
C418 0.8237 (9) 0.8714 (8) 0.1407 (5) 0.045 (2) 0.519 (11) 
H41A 0.8547 0.8188 0.1688 0.054* 0.519 (11) 
H41B 0.8531 0.9409 0.1445 0.054* 0.519 (11) 
C419 0.8507 (6) 0.8391 (8) 0.0752 (3) 0.056 (3) 0.519 (11) 
H41C 0.8141 0.7742 0.0714 0.084* 0.519 (11) 
H41D 0.9300 0.8271 0.0642 0.084* 0.519 (11) 
H41E 0.8255 0.8952 0.0477 0.084* 0.519 (11) 
C120 0.5227 (2) 0.9121 (2) 0.33862 (13) 0.0291 (7) 
 
C121 0.5338 (3) 0.8043 (3) 0.42943 (14) 0.0445 (9) 
 
H12A 0.6039 0.8375 0.4300 0.053* 
 
H12B 0.5432 0.7284 0.4413 0.053* 
 
C122 0.4453 (3) 0.8538 (3) 0.47486 (14) 0.0545 (10) 
 
H12C 0.4411 0.9301 0.4656 0.082* 
 
H12D 0.4623 0.8390 0.5162 0.082* 
 
H12E 0.3749 0.8244 0.4723 0.082* 
 
C123 0.2166 (3) 0.6829 (3) 0.6339 (2) 0.0688 (13) 
 
C124 0.3535 (8) 0.5694 (8) 0.5554 (5) 0.059 (3) 0.440 (11) 
H12F 0.3364 0.5174 0.5277 0.071* 0.440 (11) 
H12G 0.3816 0.6335 0.5315 0.071* 0.440 (11) 
C125 0.4251 (13) 0.5260 (12) 0.5964 (7) 0.073 (4) 0.440 (11) 
H12H 0.4330 0.5780 0.6257 0.110* 0.440 (11) 
H12I 0.4970 0.5080 0.5730 0.110* 0.440 (11) 
H12J 0.3940 0.4625 0.6186 0.110* 0.440 (11) 
  
XV 
C524 0.3766 (5) 0.5976 (6) 0.5993 (4) 0.048 (2) 0.560 (11) 
H52A 0.4023 0.6102 0.6380 0.058* 0.560 (11) 
H52B 0.4041 0.6525 0.5676 0.058* 0.560 (11) 
C525 0.4125 (8) 0.4859 (8) 0.5785 (5) 0.060 (3) 0.560 (11) 
H52C 0.3934 0.4340 0.6128 0.090* 0.560 (11) 
H52D 0.4918 0.4821 0.5648 0.090* 0.560 (11) 
H52E 0.3750 0.4709 0.5448 0.090* 0.560 (11) 
C126 0.1064 (4) 0.5753 (3) 0.7620 (2) 0.0665 (12) 
 
C127 0.2766 (4) 0.5112 (3) 0.7876 (2) 0.0911 (16) 
 
H12K 0.2408 0.5203 0.8303 0.109* 
 
H12L 0.3514 0.5375 0.7825 0.109* 
 
C128 0.2823 (5) 0.3949 (3) 0.7746 (3) 0.117 (2) 
 
H12M 0.2084 0.3681 0.7824 0.175* 
 
H12N 0.3277 0.3552 0.8012 0.175* 
 
H12O 0.3145 0.3867 0.7317 0.175* 
 
S21 0.60151 (6) 0.32793 (6) 0.75330 (3) 0.0353 (2) 
 
S22 0.38143 (6) 0.53977 (6) 0.95866 (3) 0.0347 (2) 
 
S23 0.12308 (7) 0.68122 (6) 1.17776 (4) 0.0394 (2) 
 
N21 0.6912 (2) 0.32217 (19) 0.63515 (11) 0.0418 (7) 
 
H21A 0.7175 0.3510 0.5989 0.050* 
 
H21B 0.6910 0.2532 0.6412 0.050* 
 
N22 0.51736 (19) 0.47227 (18) 0.83995 (10) 0.0308 (6) 
 
N23 0.2586 (2) 0.6615 (2) 1.06471 (11) 0.0357 (6) 
 
N24 0.0145 (2) 0.8262 (2) 1.24809 (12) 0.0512 (8) 
 
H24A −0.0089 0.8905 1.2570 0.061* 
 
H24B −0.0045 0.7727 1.2742 0.061* 
 
  
XVI 
O21 0.64925 (16) 0.65745 (14) 0.62703 (8) 0.0326 (5) 
 
O22 0.71682 (18) 0.51808 (16) 0.57330 (9) 0.0440 (6) 
 
O23 0.48329 (19) 0.68297 (15) 0.74369 (9) 0.0402 (5) 
 
O24 0.6518 (2) 0.69798 (16) 0.76571 (9) 0.0449 (6) 
 
O25 0.42173 (19) 0.23525 (15) 0.98373 (9) 0.0430 (6) 
 
O26 0.30275 (18) 0.32839 (16) 1.09222 (8) 0.0411 (6) 
 
O27 0.1974 (3) 0.8926 (2) 0.99330 (13) 0.0713 (8) 
 
O28 0.3355 (2) 0.9243 (2) 1.04014 (11) 0.0669 (8) 
 
O29 0.0411 (2) 1.02762 (18) 1.19865 (13) 0.0667 (8) 
 
O210 0.1242 (3) 1.05463 (19) 1.10044 (13) 0.0775 (9) 
 
C21 0.6515 (2) 0.3835 (2) 0.68121 (13) 0.0310 (7) 
 
C22 0.6461 (2) 0.4926 (2) 0.67915 (12) 0.0313 (7) 
 
C23 0.5989 (2) 0.5320 (2) 0.73724 (12) 0.0300 (7) 
 
C24 0.5707 (2) 0.4544 (2) 0.78189 (13) 0.0302 (7) 
 
C25 0.4890 (2) 0.3957 (2) 0.87977 (12) 0.0311 (7) 
 
H25 0.5097 0.3254 0.8697 0.037* 
 
C26 0.4272 (2) 0.4138 (2) 0.93859 (12) 0.0301 (7) 
 
C27 0.3966 (2) 0.3405 (2) 0.98625 (13) 0.0315 (7) 
 
C28 0.4124 (10) 0.1884 (10) 1.0427 (6) 0.045 (3) 0.481 (11) 
H28A 0.4756 0.2066 1.0613 0.055* 0.481 (11) 
H28B 0.4145 0.1110 1.0407 0.055* 0.481 (11) 
C29 0.3069 (10) 0.2235 (10) 1.0831 (5) 0.055 (3) 0.481 (11) 
H29A 0.2437 0.2075 1.0638 0.066* 0.481 (11) 
H29B 0.3007 0.1831 1.1231 0.066* 0.481 (11) 
C48 0.3682 (13) 0.1695 (10) 1.0357 (6) 0.057 (4) 0.519 (11) 
H48A 0.4102 0.1015 1.0384 0.068* 0.519 (11) 
  
XVII 
H48B 0.2939 0.1545 1.0287 0.068* 0.519 (11) 
C49 0.3596 (10) 0.2220 (7) 1.0959 (4) 0.044 (3) 0.519 (11) 
H49A 0.3185 0.1773 1.1292 0.053* 0.519 (11) 
H49B 0.4339 0.2293 1.1055 0.053* 0.519 (11) 
C210 0.3392 (2) 0.3851 (2) 1.03883 (12) 0.0334 (7) 
 
C211 0.3237 (2) 0.4927 (2) 1.03143 (13) 0.0322 (7) 
 
C212 0.2672 (3) 0.5608 (2) 1.07571 (13) 0.0365 (8) 
 
H212 0.2350 0.5310 1.1145 0.044* 
 
C213 0.1984 (3) 0.7256 (2) 1.10674 (13) 0.0347 (7) 
 
C214 0.1875 (3) 0.8317 (2) 1.09749 (14) 0.0361 (7) 
 
C215 0.1186 (3) 0.8822 (2) 1.14699 (15) 0.0392 (8) 
 
C216 0.0792 (3) 0.8096 (2) 1.19448 (15) 0.0387 (8) 
 
C217 0.6756 (2) 0.5543 (2) 0.62168 (13) 0.0317 (7) 
 
C218 0.6747 (3) 0.7264 (2) 0.57214 (13) 0.0363 (8) 
 
H21C 0.6310 0.7090 0.5410 0.044* 
 
H21D 0.7533 0.7178 0.5547 0.044* 
 
C219 0.6479 (3) 0.8374 (2) 0.58972 (14) 0.0438 (8) 
 
H21E 0.5690 0.8465 0.6038 0.066* 
 
H21F 0.6696 0.8862 0.5542 0.066* 
 
H21G 0.6875 0.8520 0.6227 0.066* 
 
C220 0.5833 (3) 0.6466 (2) 0.75042 (12) 0.0349 (8) 
 
C221 0.4579 (4) 0.7941 (3) 0.75513 (16) 0.0594 (12) 
 
H22Y 0.4679 0.8065 0.7973 0.071* 
 
H22Z 0.5091 0.8383 0.7265 0.071* 
 
C222 0.4008 (6) 0.7878 (6) 0.8276 (3) 0.047 (2) 0.436 (6) 
H22A 0.3779 0.8588 0.8402 0.070* 0.436 (6) 
  
XVIII 
H22B 0.4538 0.7566 0.8527 0.070* 0.436 (6) 
H22C 0.3369 0.7442 0.8331 0.070* 0.436 (6) 
C422 0.3577 (5) 0.8215 (4) 0.7481 (3) 0.0502 (19) 0.564 (6) 
H42A 0.3469 0.8070 0.7068 0.075* 0.564 (6) 
H42B 0.3442 0.8969 0.7539 0.075* 0.564 (6) 
H42C 0.3067 0.7812 0.7783 0.075* 0.564 (6) 
C223 0.2466 (3) 0.8879 (3) 1.04232 (16) 0.0461 (9) 
 
C224 0.2372 (6) 0.9357 (6) 0.9424 (3) 0.056 (2) 0.513 (4) 
H22D 0.2675 1.0040 0.9479 0.067* 0.513 (4) 
H22E 0.1802 0.9484 0.9160 0.067* 0.513 (4) 
C225 0.3263 (8) 0.8612 (6) 0.9141 (3) 0.089 (3) 0.513 (4) 
H22F 0.3753 0.8402 0.9436 0.134* 0.513 (4) 
H22G 0.3678 0.8961 0.8775 0.134* 0.513 (4) 
H22H 0.2936 0.7986 0.9028 0.134* 0.513 (4) 
C424 0.0951 (8) 0.8764 (7) 0.9847 (3) 0.074 (3) 0.487 (4) 
H42D 0.0728 0.9287 0.9535 0.089* 0.487 (4) 
H42E 0.0434 0.8838 1.0234 0.089* 0.487 (4) 
C425 0.0939 (8) 0.7676 (9) 0.9639 (4) 0.109 (4) 0.487 (4) 
H42F 0.1469 0.7605 0.9263 0.163* 0.487 (4) 
H42G 0.0205 0.7545 0.9560 0.163* 0.487 (4) 
H42H 0.1134 0.7164 0.9958 0.163* 0.487 (4) 
C226 0.0964 (3) 0.9950 (3) 1.1451 (2) 0.0550 (10) 
 
C227 −0.0114 (8) 1.1306 (8) 1.2117 (5) 0.046 (2) 0.513 (4) 
H22I 0.0327 1.1856 1.1870 0.055* 0.513 (4) 
H22J −0.0122 1.1424 1.2554 0.055* 0.513 (4) 
C228 −0.0640 (7) 1.1827 (6) 1.1598 (4) 0.072 (3) 0.513 (4) 
  
XIX 
H22K −0.0462 1.1760 1.1156 0.108* 0.513 (4) 
H22L −0.0840 1.2564 1.1680 0.108* 0.513 (4) 
H22M −0.1256 1.1388 1.1768 0.108* 0.513 (4) 
C427 0.0352 (9) 1.1469 (9) 1.1896 (5) 0.056 (3) 0.487 (4) 
H42I 0.1027 1.1712 1.1633 0.067* 0.487 (4) 
H42J 0.0294 1.1782 1.2296 0.067* 0.487 (4) 
C428 −0.1270 (7) 1.1428 (6) 1.1985 (3) 0.054 (2) 0.487 (4) 
H42K −0.1276 1.1283 1.1558 0.081* 0.487 (4) 
H42L −0.1556 1.2149 1.2055 0.081* 0.487 (4) 
H42M −0.1731 1.0932 1.2255 0.081* 0.487 (4) 
O31 0.9543 (2) 0.6493 (2) 0.32632 (12) 0.0817 (9) 
 
C31 1.0446 (4) 0.6112 (4) 0.3541 (2) 0.0793 (13) 
 
H31A 1.0939 0.6689 0.3560 0.095* 
 
H31B 1.0865 0.5555 0.3301 0.095* 
 
C32 1.0012 (5) 0.5683 (4) 0.4162 (2) 0.1062 (18) 
 
H32A 1.0479 0.5854 0.4459 0.127* 
 
H32B 0.9957 0.4910 0.4173 0.127* 
 
C33 0.8903 (5) 0.6223 (4) 0.4293 (2) 0.0984 (19) 
 
H33A 0.8381 0.5755 0.4554 0.118* 
 
H33B 0.8940 0.6875 0.4506 0.118* 
 
C34 0.8558 (3) 0.6476 (3) 0.3685 (2) 0.0830 (15) 
 
H34A 0.8081 0.5932 0.3592 0.100* 
 
H34B 0.8158 0.7169 0.3675 0.100* 
 
 
 
 
  
XX 
Table A2-5. Geometric parameters (Å, °). 
S11—C11 1.742 (3) S22—C211 1.736 (3) 
S11—C14 1.771 (3) S22—C26 1.737 (3) 
S12—C111 1.738 (3) S23—C216 1.742 (3) 
S12—C16 1.744 (3) S23—C213 1.769 (3) 
S13—C116 1.739 (3) N21—C21 1.344 (3) 
S13—C113 1.771 (3) N22—C25 1.293 (3) 
N11—C11 1.353 (3) N22—C24 1.377 (3) 
N11—H11A 0.8800 N23—C212 1.293 (4) 
N11—H11B 0.8800 N23—C213 1.381 (4) 
N12—C15 1.304 (3) O21—C217 1.346 (3) 
N12—C14 1.376 (3) O21—C218 1.453 (3) 
N13—C112 1.283 (4) O22—C217 1.222 (3) 
N13—C113 1.382 (4) O23—C220 1.329 (4) 
N14—C116 1.333 (4) O23—C221 1.466 (3) 
O11—C117 1.346 (3) O24—C220 1.207 (4) 
O11—C418 1.423 (11) O25—C27 1.364 (3) 
O11—C118 1.554 (11) O25—C28 1.390 (13) 
O12—C117 1.208 (3) O25—C48 1.466 (14) 
O13—C120 1.343 (3) O26—C29 1.363 (12) 
O13—C121 1.460 (3) O26—C210 1.368 (3) 
O14—C120 1.203 (3) O26—C49 1.498 (10) 
O15—C17 1.361 (3) O27—C224 1.258 (6) 
O15—C18 1.461 (3) O27—C223 1.330 (4) 
O16—C110 1.371 (3) O27—C424 1.343 (9) 
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O16—C19 1.451 (3) O28—C223 1.211 (4) 
O17—C123 1.321 (5) O29—C226 1.353 (4) 
O17—C524 1.519 (7) O29—C227 1.460 (11) 
O17—C124 1.604 (9) O29—C427 1.519 (12) 
O18—C123 1.194 (4) O210—C226 1.221 (4) 
O19—C126 1.328 (5) C21—C22 1.387 (4) 
O19—C127 1.455 (4) C22—C23 1.439 (4) 
O110—C126 1.219 (5) C22—C217 1.456 (4) 
C11—C12 1.390 (4) C23—C24 1.367 (4) 
C12—C13 1.430 (4) C23—C220 1.505 (4) 
C12—C117 1.461 (4) C25—C26 1.429 (4) 
C13—C14 1.367 (4) C26—C27 1.380 (4) 
C13—C120 1.501 (4) C27—C210 1.404 (4) 
C15—C16 1.430 (4) C28—C29 1.524 (12) 
C16—C17 1.378 (4) C48—C49 1.523 (11) 
C17—C110 1.419 (4) C210—C211 1.377 (4) 
C18—C19 1.512 (4) C211—C212 1.428 (4) 
C110—C111 1.370 (4) C213—C214 1.356 (4) 
C111—C112 1.434 (4) C214—C215 1.444 (4) 
C113—C114 1.354 (4) C214—C223 1.480 (4) 
C114—C115 1.440 (4) C215—C216 1.397 (4) 
C114—C123 1.487 (5) C215—C226 1.447 (4) 
C115—C116 1.392 (4) C218—C219 1.500 (4) 
C115—C126 1.461 (5) C221—C422 1.303 (6) 
C118—C119 1.494 (14) C221—C222 1.648 (7) 
C418—C419 1.519 (13) C224—C225 1.504 (10) 
  
XXII 
C121—C122 1.508 (4) C424—C425 1.494 (12) 
C124—C125 1.44 (2) C227—C428 1.509 (13) 
C524—C525 1.547 (14) O31—C34 1.412 (4) 
C127—C128 1.527 (5) O31—C31 1.413 (5) 
S21—C21 1.735 (3) C31—C32 1.474 (6) 
S21—C24 1.774 (3) 
  
C11—S11—C14 91.15 (14) C217—O21—C218 116.7 (2) 
C111—S12—C16 91.59 (14) C220—O23—C221 116.1 (3) 
C116—S13—C113 90.89 (16) C27—O25—C28 109.6 (5) 
C15—N12—C14 121.8 (2) C27—O25—C48 115.1 (6) 
C112—N13—C113 122.7 (3) C29—O26—C210 110.6 (5) 
C117—O11—C418 116.6 (5) C210—O26—C49 112.3 (4) 
C117—O11—C118 114.6 (5) C224—O27—C223 123.6 (5) 
C120—O13—C121 116.1 (2) C224—O27—C424 101.5 (5) 
C17—O15—C18 112.8 (2) C223—O27—C424 133.8 (5) 
C110—O16—C19 110.4 (2) C226—O29—C227 128.7 (4) 
C123—O17—C524 105.0 (4) C226—O29—C427 104.5 (5) 
C123—O17—C124 131.7 (4) N21—C21—C22 127.1 (3) 
C126—O19—C127 116.2 (3) N21—C21—S21 120.6 (2) 
N11—C11—C12 129.8 (3) C22—C21—S21 112.3 (2) 
N11—C11—S11 118.0 (2) C21—C22—C23 112.0 (2) 
C12—C11—S11 112.2 (2) C21—C22—C217 120.9 (3) 
C11—C12—C13 111.4 (3) C23—C22—C217 126.8 (3) 
C11—C12—C117 126.6 (3) C24—C23—C22 113.5 (2) 
C13—C12—C117 121.7 (3) C24—C23—C220 121.3 (2) 
C14—C13—C12 114.7 (3) C22—C23—C220 125.2 (2) 
  
XXIII 
C14—C13—C120 120.2 (2) C23—C24—N22 124.3 (3) 
C12—C13—C120 125.1 (3) C23—C24—S21 111.1 (2) 
C13—C14—N12 125.0 (3) N22—C24—S21 124.5 (2) 
C13—C14—S11 110.4 (2) N22—C25—C26 121.7 (3) 
N12—C14—S11 124.5 (2) C27—C26—C25 127.8 (3) 
N12—C15—C16 120.1 (3) C27—C26—S22 110.9 (2) 
C17—C16—C15 128.8 (3) C25—C26—S22 121.4 (2) 
C17—C16—S12 111.0 (2) O25—C27—C26 123.9 (3) 
C15—C16—S12 120.0 (2) O25—C27—C210 122.7 (2) 
O15—C17—C16 123.8 (3) C26—C27—C210 113.4 (3) 
O15—C17—C110 123.4 (3) O25—C28—C29 112.3 (10) 
C16—C17—C110 112.8 (3) O26—C29—C28 112.4 (10) 
O15—C18—C19 110.9 (2) O26—C210—C211 123.0 (3) 
C111—C110—O16 124.0 (3) O26—C210—C27 124.0 (3) 
C111—C110—C17 113.3 (3) C211—C210—C27 113.0 (2) 
O16—C110—C17 122.6 (3) C210—C211—C212 126.7 (3) 
C110—C111—C112 128.7 (3) C210—C211—S22 111.2 (2) 
C110—C111—S12 111.2 (2) C212—C211—S22 122.0 (2) 
C112—C111—S12 120.0 (2) N23—C212—C211 122.1 (3) 
N13—C112—C111 121.3 (3) C214—C213—N23 123.5 (3) 
C114—C113—N13 124.1 (3) C214—C213—S23 111.3 (2) 
C114—C113—S13 111.8 (2) N23—C213—S23 125.1 (2) 
N13—C113—S13 124.0 (2) C213—C214—C215 113.9 (3) 
C113—C114—C115 113.2 (3) C213—C214—C223 121.4 (3) 
C113—C114—C123 120.9 (3) C215—C214—C223 124.7 (3) 
C115—C114—C123 125.9 (3) C216—C215—C214 111.7 (3) 
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C116—C115—C114 112.2 (3) C216—C215—C226 126.4 (3) 
C116—C115—C126 120.4 (3) C214—C215—C226 121.9 (3) 
C114—C115—C126 127.3 (3) N24—C216—C215 129.3 (3) 
N14—C116—C115 127.7 (3) N24—C216—S23 119.0 (2) 
N14—C116—S13 120.5 (3) C215—C216—S23 111.7 (2) 
C115—C116—S13 111.8 (2) O22—C217—O21 122.9 (3) 
O12—C117—O11 122.7 (3) O22—C217—C22 124.9 (3) 
O12—C117—C12 124.6 (3) O21—C217—C22 112.2 (2) 
O11—C117—C12 112.7 (3) O21—C218—C219 107.6 (2) 
C119—C118—O11 110.9 (8) O24—C220—O23 124.6 (3) 
O14—C120—O13 124.5 (3) O24—C220—C23 124.6 (3) 
O14—C120—C13 124.4 (3) O23—C220—C23 110.8 (3) 
O13—C120—C13 111.1 (2) C422—C221—O23 111.2 (4) 
O13—C121—C122 111.2 (3) C422—C221—C222 81.4 (5) 
O18—C123—O17 123.3 (4) O23—C221—C222 102.2 (3) 
O18—C123—C114 124.9 (4) O28—C223—O27 121.2 (3) 
O17—C123—C114 111.8 (3) O28—C223—C214 123.5 (3) 
C125—C124—O17 95.1 (9) O27—C223—C214 115.3 (3) 
O110—C126—O19 123.3 (4) O27—C224—C225 106.5 (6) 
O110—C126—C115 123.6 (4) O210—C226—O29 123.3 (3) 
O19—C126—C115 113.0 (4) O210—C226—C215 124.3 (4) 
O19—C127—C128 109.4 (3) O29—C226—C215 112.5 (3) 
C21—S21—C24 91.10 (13) O29—C227—C428 113.6 (8) 
C211—S22—C26 91.53 (14) C34—O31—C31 111.6 (3) 
C216—S23—C213 91.32 (15) O31—C31—C32 107.4 (4) 
C25—N22—C24 121.7 (2) C31—C32—C33 103.2 (4) 
  
XXV 
C212—N23—C213 121.3 (3) 
  
C32—C33—C34—O31 −22.8 (5) 
   
All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the 
full covariance matrix. The cell esds are taken into account individually in the estimation of 
esds in distances, angles and torsion angles; correlations between esds in cell parameters are 
only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of 
cell esds is used for estimating esds involving l.s. planes. 
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Figure A3-1. 
1
H spectrum of 3-1 in acetone-d6. 
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Figure A3-2. 
1
H spectrum of 3-1 in DMSO-d6. 
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Figure A3-3.
13
C spectrum of 3-1 in DMSO-d6. 
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Figure A3-4. 
1
H spectrum of 3-3A in DMSO-d6. 
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Figure A3-5. 
13
C spectrum of 3-3A in DMSO-d6. 
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Figure A3-6. 
1
H spectrum of 3-3 in DMSO-d6. 
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Figure A3-7. 
13
C spectrum of 3-3 in DMSO-d6. 
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Figure A3-8. Normalized Absorbance () and fluorescence () of 3-1 measured in 
dichloromethane at room temperature. 
200 400 600 800
0,0
0,2
0,4
0,6
0,8
1,0
N
o
rm
a
liz
e
d
 I
n
te
n
s
it
y
 (
A
.U
.)
Wavelength (nm)
 
Figure A3-9. Normalized absorbance () and fluorescence () of 3-2 measured in 
dichloromethane at room temperature (already published, but can be used as a comparison). 
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Figure A3-10. Normalized absorbance () and fluorescence () of 3-3 measured in 
dichloromethane at room temperature. 
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Figure A3-11. Cathodic cyclic voltammogram of 3-1 in anhydrous and deaerated 
dichloromethane at 100mVs
-1
. 
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Figure A3-12. Cathodic cyclic voltammogram of 3-3 in anhydrous and deaerated 
dichloromethane at 100mVs
-1
. 
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Figure A3-13. Anodic scan for 3-1 at different scan rates with ferrocene in anhydrous and 
deaerated dichloromethane. 
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Figure A3-14. Current vs. the square root of scan rate of 3-1 () and ferrocene (). 
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Figure A3-15. Anodic scan for 3-3 at different scan rates with ferrocene in anhydrous and 
deaerated dichloromethane. 
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Figure A3-16. Current vs. the square root of scan rate of 3-3 () and ferrocene (). 
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Figure A3-17. Change in absorbance spectra for 3-1 as a function of added of FeCl3 
equivalents : 0 (), 0.1 (), 0.2 (), 0.3 (), 0.4 (), 0.5 (), 0.6 (), 0.7 (), 0.8 (), 0.9 
(  ) and 1,0 () in dichloromethane at room temperature. 
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Figure A3-18. Normalized absorbance spectra of 3-2 (), oxidized with FeCl3 () and 
neutralized with hydrazine () in dichloromethane at room temperature. 
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Figure A3-19. Change in absorbance spectra for 3-2 as a function of added of FeCl3 
equivalents : 0 (), 0.1 (), 0.2 (), 0.3 (), 0.4 (), 0.5 (), 0.6 (), 0.7 (), 0.8 (), 0.9 
(  ) and 1,0 () in dichloromethane at room temperature. 
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Figure A3-20.  Normalized absorbance spectra of 3-3 (), oxidized with FeCl3 () and 
neutralized with hydrazine () in dichloromethane at room temperature. 
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Figure A3-21. Change in absorbance spectra for 3-3 as a function of added of FeCl3 
equivalents: 0 (), 0.1 (), 0.2 (), 0.3 (), 0.4 (), 0.5 (), 0.6 (), 0.7 (), 0.8 (), 0.9 
(  ) and 1,0 () in dichloromethane at room temperature. 
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Figure A3-22. Cyclic voltammogram of 3-P1 deposited on ITO glass measured in anhydrous 
and deaerated dichloromethane. 
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Figure A3-23. Cyclic voltammogram of 3-P3 deposited on ITO glass measured in anhydrous 
and deaerated dichloromethane. 
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Annexe 4- Chapitre 3 
Résolution de la structure cristalline. 
  
XLIV 
Table A4-1. Crystal Data. 
C22H20N2O6S3·CH2Cl2 F(000) = 608.2 
Mr = 589.78 ? 
Triclinic, P  Dx = 1.510 Mg m
−3
 
Hall symbol: -P 1 Melting point: ? K 
a = 8.9605 (2) Å Cu Kα radiation, λ = 1.54178 Å 
b = 10.9189 (3) Å Cell parameters from 25 reflections 
c = 14.3701 (4) Å θ = 15.0–30.0° 
α = 68.122 (1)° µ = 4.88 mm−1 
β = 84.327 (2)° T = 150 K 
γ = 85.734 (2)° Platelet, red 
V = 1297.23 (6) Å
3
 0.10 × 0.05 × 0.04 mm 
Z = 2 
 
 
Table A4-2. Data Collection. 
Bruker Microstar diffractometer  4754 independent reflections 
Radiation source: Micro source 2961 reflections with I > 2σ(I) 
Helios optics Rint = 0.052 
Detector resolution: 5.5 pixels mm
-1
 θmax = 68.2°, θmin = 3.3° 
ω scans h = −9 10 
Absorption correction: multi-scan  
SADABS (Sheldrick, 1996) 
k = −13 13 
Tmin = 0.740, Tmax = 0.825 l = −17 17 
20840 measured reflections 
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Table A4-3. Refinement. 
Refinement on F
2
 
Secondary atom site location: difference 
Fourier map 
Least-squares matrix: full 
Hydrogen site location: inferred from 
neighbouring sites 
R[F
2
 > 2σ(F2)] = 0.067 H-atom parameters constrained  
wR(F
2
) = 0.200 
w = 1/[σ2(Fo
2
) + (0.1153P)
2
 + 1.4138P]  
where P = (Fo
2
 + 2Fc
2
)/3 
S = 1.08 (Δ/σ)max < 0.001 
4100 reflections Δρmax = 1.27 e Å
−3
 
337 parameters Δρmin = −1.27 e Å
−3
 
39 restraints Extinction correction: none 
? constraints Extinction coefficient: ? 
Primary atom site location: structure-
invariant direct methods 
 
 
Refinement of F
2
 against ALL reflections. The weighted R-factor wR and goodness of fit S are 
based on F
2
, conventional R-factors R are based on F, with F set to zero for negative F
2
. The 
threshold expression of F
2
 > 2sigma(F
2
) is used only for calculating R-factors(gt) etc. and is 
not relevant to the choice of reflections for refinement. R-factors based on F
2
 are statistically 
about twice as large as those based on F, and R– factors based on ALL data will be even 
larger. 
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Table A4-4. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å
2
). 
 
 
x y z Uiso*/Ueq Occ. (<1) 
S2 0.01308 (15) 1.05162 (11) 0.13190 (8) 0.0310 (3) 
 
S3 0.49233 (16) 0.76687 (11) 0.00634 (9) 0.0373 (4) 
 
S1 −0.43795 (18) 1.23743 (12) 0.35710 (10) 0.0467 (4) 
 
O6 0.1336 (4) 0.6835 (3) 0.4345 (2) 0.0354 (8) 
 
O4 −0.0952 (4) 0.9217 (3) 0.4698 (2) 0.0368 (9) 
 
O1 0.3635 (4) 1.1077 (3) −0.1820 (2) 0.0356 (8) 
 
N2 0.2285 (5) 0.8643 (4) 0.1199 (3) 0.0289 (9) 
 
O5 0.2107 (5) 0.6253 (3) 0.3032 (3) 0.0450 (10) 
 
O3 −0.2120 (4) 0.7598 (3) 0.4484 (2) 0.0358 (9) 
 
O2 0.6197 (4) 0.9950 (3) −0.2656 (2) 0.0380 (9) 
 
C17 −0.1246 (6) 0.8485 (4) 0.4192 (3) 0.0297 (11) 
 
N1 −0.2012 (5) 1.0960 (3) 0.2712 (3) 0.0303 (10) 
 
C7 −0.0444 (6) 0.8971 (4) 0.3163 (3) 0.0262 (11) 
 
C8 0.0716 (6) 0.8298 (4) 0.2767 (3) 0.0275 (11) 
 
C20 0.1470 (6) 0.7025 (4) 0.3362 (3) 0.0304 (11) 
 
C10 0.2641 (6) 0.9421 (4) 0.0279 (3) 0.0289 (11) 
 
H10 0.2093 1.0238 0.0011 0.035* 
 
C11 0.3808 (6) 0.9103 (4) −0.0340 (3) 0.0299 (11) 
 
C12 0.4295 (6) 0.9894 (4) −0.1310 (3) 0.0294 (12) 
 
C13 0.5548 (6) 0.9327 (4) −0.1717 (3) 0.0303 (12) 
 
C5 −0.2356 (6) 1.2117 (4) 0.2094 (4) 0.0319 (12) 
 
  
XLVII 
H5 −0.1852 1.2437 0.1441 0.038* 
 
C9 0.1155 (6) 0.9012 (4) 0.1771 (3) 0.0282 (11) 
 
C6 −0.0878 (6) 1.0161 (4) 0.2482 (3) 0.0293 (11) 
 
C4 −0.3498 (6) 1.2934 (4) 0.2379 (4) 0.0339 (12) 
 
C16 0.4560 (7) 1.1845 (5) −0.2704 (3) 0.0393 (13) 
 
H16A 0.5373 1.2232 −0.2497 0.047* 
 
H16B 0.3942 1.2578 −0.3150 0.047* 
 
C18 −0.1827 (7) 0.9038 (6) 0.5641 (4) 0.0461 (15) 
 
H18A −0.2874 0.8858 0.5583 0.055* 
 
H18B −0.1843 0.9862 0.5779 0.055* 
 
C21 0.2011 (7) 0.5596 (5) 0.4998 (4) 0.0457 (14) 
 
H21A 0.3119 0.5614 0.4887 0.055* 
 
H21B 0.1677 0.4850 0.4847 0.055* 
 
C3 −0.4032 (6) 1.4214 (5) 0.1779 (4) 0.0383 (13) 
 
H3 −0.3698 1.4692 0.1098 0.046* 
 
C15 0.5240 (7) 1.0987 (5) −0.3274 (4) 0.0401 (13) 
 
H15A 0.4428 1.0597 −0.3480 0.048* 
 
H15B 0.5828 1.1537 −0.3889 0.048* 
 
C2 −0.5153 (7) 1.4666 (5) 0.2365 (4) 0.0455 (15) 
 
H2 −0.5650 1.5510 0.2112 0.055* 
 
C1 −0.5451 (7) 1.3794 (5) 0.3312 (4) 0.0457 (14) 
 
H1 −0.6181 1.3959 0.3782 0.055* 
 
C22 0.1538 (8) 0.5424 (6) 0.6056 (4) 0.0550 (17) 
 
H22A 0.1837 0.6183 0.6191 0.082* 
 
H22B 0.2019 0.4614 0.6508 0.082* 
 
H22C 0.0445 0.5361 0.6168 0.082* 
 
  
XLVIII 
C14 0.5995 (7) 0.8138 (5) −0.1062 (4) 0.0379 (13) 
 
H14 0.6814 0.7617 −0.1208 0.045* 
 
C19 −0.1197 (8) 0.7930 (6) 0.6489 (4) 0.0563 (17) 
 
H19A −0.1402 0.7089 0.6438 0.084* 
 
H19B −0.1662 0.7959 0.7127 0.084* 
 
H19C −0.0110 0.8010 0.6462 0.084* 
 
Cl1 1.108 (2) 0.3307 (18) 0.8902 (19) 0.062 (2) 0.543 (4) 
Cl2 0.8543 (6) 0.4927 (5) 0.9385 (3) 0.1126 (14) 0.543 (4) 
C99 0.939 (2) 0.4271 (16) 0.8563 (10) 0.086 (5) 0.543 (4) 
H99A 0.9609 0.5004 0.7913 0.104* 0.543 (4) 
H99B 0.8664 0.3711 0.8448 0.104* 0.543 (4) 
Cl1' 1.107 (3) 0.317 (2) 0.884 (2) 0.062 (2) 0.46 
Cl2' 0.9302 (7) 0.5572 (6) 0.8659 (4) 0.1126 (14) 0.46 
C99' 0.925 (3) 0.3887 (14) 0.9036 (14) 0.086 (5) 0.46 
H99C 0.8526 0.3665 0.8652 0.104* 0.457 (4) 
H99D 0.8901 0.3510 0.9758 0.104* 0.457 (4) 
 
Table A4-5. Geometric parameters (Å, °). 
 
S2—C6 1.741 (5) N1—C6 1.385 (7) 
S2—C9 1.749 (5) C7—C6 1.360 (6) 
S3—C14 1.717 (6) C7—C8 1.423 (7) 
S3—C11 1.730 (5) C8—C9 1.384 (6) 
S1—C1 1.698 (6) C8—C20 1.486 (6) 
S1—C4 1.720 (5) C10—C11 1.413 (7) 
O6—C20 1.343 (6) C11—C12 1.386 (6) 
  
XLIX 
O6—C21 1.457 (6) C12—C13 1.422 (7) 
O4—C17 1.320 (5) C13—C14 1.348 (7) 
O4—C18 1.449 (6) C5—C4 1.436 (7) 
O1—C12 1.349 (5) C4—C3 1.418 (7) 
O1—C16 1.450 (6) C16—C15 1.519 (8) 
N2—C10 1.300 (6) C18—C19 1.485 (8) 
N2—C9 1.373 (7) C21—C22 1.483 (8) 
O5—C20 1.198 (6) C3—C2 1.425 (8) 
O3—C17 1.214 (5) C2—C1 1.353 (8) 
O2—C13 1.357 (6) Cl1—C99 1.782 (15) 
O2—C15 1.436 (6) Cl2—C99 1.691 (14) 
C17—C7 1.498 (6) Cl1'—C99' 1.797 (17) 
N1—C5 1.280 (6) Cl2'—C99' 1.716 (15) 
C6—S2—C9 90.9 (2) O1—C12—C11 123.3 (5) 
C14—S3—C11 91.8 (2) O1—C12—C13 123.5 (4) 
C1—S1—C4 91.3 (3) C11—C12—C13 113.2 (4) 
C20—O6—C21 114.9 (4) C14—C13—O2 125.6 (5) 
C17—O4—C18 118.1 (4) C14—C13—C12 112.2 (4) 
C12—O1—C16 112.2 (4) O2—C13—C12 122.2 (4) 
C10—N2—C9 120.4 (4) N1—C5—C4 120.6 (5) 
C13—O2—C15 112.5 (4) N2—C9—C8 125.7 (4) 
O3—C17—O4 125.2 (5) N2—C9—S2 122.8 (3) 
O3—C17—C7 124.1 (4) C8—C9—S2 111.4 (4) 
O4—C17—C7 110.5 (4) C7—C6—N1 122.3 (4) 
C5—N1—C6 122.4 (4) C7—C6—S2 112.1 (4) 
C6—C7—C8 113.3 (4) N1—C6—S2 125.6 (3) 
  
L 
C6—C7—C17 119.1 (5) C3—C4—C5 127.5 (5) 
C8—C7—C17 127.5 (4) C3—C4—S1 112.6 (4) 
C9—C8—C7 112.3 (4) C5—C4—S1 119.8 (3) 
C9—C8—C20 122.9 (5) O1—C16—C15 110.8 (4) 
C7—C8—C20 124.7 (4) O4—C18—C19 111.5 (5) 
O5—C20—O6 123.5 (4) O6—C21—C22 108.3 (5) 
O5—C20—C8 125.9 (4) C4—C3—C2 108.7 (5) 
O6—C20—C8 110.7 (4) O2—C15—C16 110.5 (4) 
N2—C10—C11 122.9 (4) C1—C2—C3 114.5 (5) 
C12—C11—C10 126.5 (4) C13—C14—S3 112.7 (4) 
C12—C11—S3 110.1 (4) CL2—C99—CL1 117.30 (11) 
C10—C11—S3 123.3 (3) CL2'—C99'—CL1' 111.30 (14) 
All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using 
the full covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation 
of e.s.d.'s in distances, angles and torsion angles; correlations between e.s.d.'s in cell 
parameters are only used when they are defined by crystal symmetry. An approximate 
(isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.
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NMR Spectroscopy 
 
Figure A5-1. 
1
H NMR spectrum of 4-2 in chloroform-d. 
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Figure A5-2. 
13
C NMR spectrum of 4-2 in chloroform-d. 
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Figure A5-3. 
1
H NMR spectrum of 4-4a in acetone-d6. 
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Figure A5-4. 
13
C NMR spectrum of 4-4a in acetone-d6. 
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Figure A5-5. 
1
H NMR spectrum of 4-4b in acetone-d6. 
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Figure A5-6. 
13
C NMR spectrum of 4-4b in acetone-d6. 
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Figure A5-7. 
1
H NMR spectrum of 4-4c in acetone-d6. 
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Figure A5-8. 
13
C NMR spectrum of 4-4c in acetone-d6 
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Figure A5-9. 
19
F NMR spectrum of 4-4c in acetone-d6 
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Figure A5-10. 
1
H NMR spectrum of 4-4d in acetone-d6. 
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Figure A5-11. 
13
C NMR spectrum of 4-4d in acetone-d6. 
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Figure A5-12. 
1
H NMR spectrum of 4-4 in acetone-d6. 
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Figure A5-13. 
13
C NMR spectrum of 4-4 in acetone-d6. 
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Figure A5-14. 
1
H NMR spectrum of 4-8b in acetone-d6. 
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Figure A5-15. 
13
C NMR spectrum of 4-8b in acetone-d6. 
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Figure A5-16. 
1
H NMR spectrum of 4-8 in acetone-d6. 
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Figure A5-17. 
13
C NMR spectrum of 4-8 in acetone-d6. 
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Figure A5-18. 
1
H NMR spectrum of 4-15 in acetone-d6. 
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Figure A5-19. 
13
C NMR spectrum of 4-15 in acetone-d6. 
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Figure A5-20. 
1
H NMR spectrum of 4-17 in acetone-d6. 
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Figure A5-21. 
13
C NMR spectrum of 4-17 in acetone-d6. 
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Figure A5-22. 
1
H NMR spectrum of 4-19 in chloroform-d. 
ppm (t1)
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Figure A5-23. 
13
C NMR spectrum of 4-19 in chloroform-d. 
ppm (t1)
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Photophysical Properties.  
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Figure A5-24. Normalized emission spectra of 4-2 (▬), 4-4 (▬), 4-8 (▬), 4-10 (▬), 4-15 
(▬), 4-17 (▬), 4-19 (▬), 4-21 (▬) and 4-23 (▬) measured in dichloromethane. 
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Figure A5-25. Normalized absorbance (▬) and emission (▬) spectra of 4-2 measured in 
anhydrous dichloromethane. 
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Figure A5-26. Normalized absorbance (▬) and emission (▬) spectra of 4-4 measured in 
anhydrous dichloromethane. 
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Figure A5-27. Normalized absorbance (▬) and emission (▬) spectra of 8 measured in 
anhydrous dichloromethane. 
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Figure A5-28. Normalized absorbance (▬) and emission (▬) spectra of 4-10 measured in 
anhydrous dichloromethane. 
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Figure A5-29. Normalized absorbance (▬) and emission (▬) spectra of 4-15 measured in 
anhydrous dichloromethane. 
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Figure A5-30. Normalized absorbance (▬) and emission (▬) spectra of 4-17 measured in 
anhydrous dichloromethane. 
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Figure A5-31. Normalized absorbance (▬) and emission (▬) spectra of 4-19 measured in 
anhydrous dichloromethane. 
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Electrochemical properties.  
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Figure A5-32. Anodic cyclic voltammogram of 4-2 in 0.1 M TBAPF6 in anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1 
with ferrocene as
 
an internal reference. 
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Figure A5-33. Cathodic cyclic voltammogram of 4-2 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1 
. 
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Figure A5-34. Anodic cyclic voltammograms of 4-2 measured at 10 (▬), 25 (▬), 50 (▬), 75 
(▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 900 (▬) 
and 1000 (▬) mVs-1 in 0.1 M TBAPF6 anhydrous and deaerated dichloromethane. 
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Figure A5-35. Anodic current as a function of scan rate for 4-2 () and ferrocene (). 
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Figure A5-36. Anodic cyclic voltammogram of 4-4 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1
. 
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Figure A5-37. Cathodic cyclic voltammogram of 4-4 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1
. 
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Figure A5-38. Anodic cyclic voltammograms of 4-4 measured at 10 (▬), 25 (▬), 50 (▬), 75 
(▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 900 (▬) 
and 1000 (▬) mVs-1 in 0.1 M TBAPF6 anhydrous and deaerated dichloromethane. 
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Figure A5-39. Anodic cyclic voltammograms of ferrocene measured at 10 (▬), 25 (▬), 50 
(▬), 75 (▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 
900 (▬) and 1000 (▬) mVs-1 in 0.1 M TBAPF6 anhydrous and deaerated dichloromethane. 
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Figure A5-40. Anodic current as a function of scan rate of 4-4 () and ferrocene (). 
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Figure A5-41. Anodic cyclic voltammogram of 4-8 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1
. 
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Figure A5-42. Cathodic cyclic voltammogram of 4-8 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1 
. 
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Figure A5-43. Anodic cyclic voltammograms of 4-8 as a function of scan rate at 100 (▬), 200 
(▬), 300 (▬), 400 (▬),  500 (▬) and 600 (▬) mVs-1 in 0. 1M TBAPF6 anhydrous and 
deaerated dichloromethane. 
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Figure A5-44. Anodic current as a function of scan rate of 4-8 () and ferrocene (). 
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Figure A5-45. Anodic cyclic voltammogram of 4-10 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1 
with ferrocene as
 
an internal reference. 
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Figure A5-46. Cathodic cyclic voltammogram of 4-10 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1 
. 
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Figure A5-47. Anodic cyclic voltammogram of 4-15 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1 
with ferrocene as
 
an internal reference. 
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Figure A5-48. Cathodic cyclic voltammogram of 4-15 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1 
. 
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Figure A5-49. Anodic cyclic voltammograms of 4-15 as a function of scan rate : 25 (▬), 50 
(▬), 75 (▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 
900 (▬) and 1000 (▬) mVs-1 in 0.1 M TBAPF6 anhydrous and deaerated dichloromethane. 
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Figure A5-50. Anodic current as a function of scan rate of 4-15 () and ferrocene (). 
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Figure A5-51. Anodic cyclic voltammogram of 4-17 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1 
with ferrocene as
 
an internal reference. 
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Figure A5-52. Cathodic cyclic voltammogram 4-17 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1 
. 
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Figure A5-53. Anodic cyclic voltammograms of 4-17 as a function of scan rate: 25 (▬), 50 
(▬), 75 (▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 
900 (▬) and 1000 (▬) mVs-1 in 0.1 M TBAPF6 in anhydrous and deaerated dichloromethane. 
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Figure A5-54. Cathodic current as a function of sweep rate of 4-17 () and ferrocene (). 
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Figure A5-55. Anodic cyclic voltammogram of 4-19 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1 
with ferrocene as
 
an internal reference. 
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Figure A5-56. Cathodic cyclic voltammogram of 4-19 in 0.1 M TBAPF6 anhydrous and 
deaerated dichloromethane measured at 100 mVs
-1 
. 
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Figure A5-57.  Anodic cyclic voltammograms of 4-19 measured as a function of scan rates : 
10 (▬), 25 (▬), 50 (▬), 75 (▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 
700 (▬), 800 (▬), 900 (▬) and 1000 (▬) mVs-1 in 0.1 M TBAPF6 anhydrous and deaerated 
dichloromethane. 
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Figure A5-58. Anodic current as a function of scan rate of 4-19 () and ferrocene (). 
Calculation. 
 
 
Figure A5-59.Calculated HOMO and LUMO energy distribution of 4-2 in vacuum. 
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Figure A5-60. Calculated HOMO and LUMO energy distribution of 4-2 in dichloromethane. 
 
 
Figure A5-61. Calculated HOMO and LUMO energy distribution of 4-3 in vacuum. 
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Figure A5-62. Calculated HOMO and LUMO energy distribution of 4-3 in dichloromethane. 
 
Figure A5-63. Calculated HOMO and LUMO energy distribution of 4-4 in dichloromethane. 
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Figure A5-64. Calculated HOMO and LUMO energy distribution of 4-5 in dichloromethane. 
 
Figure A5-65. Calculated HOMO and LUMO energy distribution of 4-6 in vacuum. 
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Figure A5-66. Calculated HOMO and LUMO energy distribution of 4-6 in dichloromethane. 
 
 
Figure A5-67. Calculated HOMO and LUMO energy distribution of 4-7 in vacuum. 
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Figure A5-68. Calculated HOMO and LUMO energy distribution of 4-7 in dichloromethane. 
 
Figure A5-69. Calculated HOMO and LUMO energy distribution of 4-8 in vacuum. 
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Figure A5-70. Calculated HOMO and LUMO energy distribution of 4-8 in dichloromethane. 
 
Figure A5-71. Calculated HOMO and LUMO energy distribution of 4-9 in vacuum. 
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Figure A5-72. Calculated HOMO and LUMO energy distribution of 4-9 in dichloromethane. 
 
Figure A5-73. Calculated HOMO and LUMO energy distribution of 4-10 in vacuum. 
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Figure A5-74. Calculated HOMO and LUMO energy distribution of 4-10 in dichloromethane. 
 
Figure A5-75. Calculated HOMO and LUMO energy distribution of 4-11 in vacuum. 
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Figure A5-76. Calculated HOMO and LUMO energy distribution of 4-11 in dichloromethane. 
 
 
Figure A5-77. Calculated HOMO and LUMO energy distribution for 4-12 in vacuum. 
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Figure A5-78. Calculated HOMO and LUMO energy distribution of 4-12 in dichloromethane. 
 
Figure A5-79. Calculated HOMO and LUMO energy distribution of 4-13 in vacuum. 
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Figure A5-80. Calculated HOMO and LUMO energy distribution of 4-13 in dichloromethane. 
 
Figure A5-81. Calculated HOMO and LUMO energy distribution of 4-14 in vacuum. 
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Figure A5-82. Calculated HOMO and LUMO energy distribution of 4-14 in dichloromethane. 
 
Figure A5-83. Calculated HOMO and LUMO energy distribution of 4-15 in vacuum. 
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Figure A5-84. Calculated HOMO and LUMO energy distribution of 4-15 in dichloromethane. 
 
Figure A5-85. Calculated HOMO and LUMO energy distribution of 4-16 in vacuum. 
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Figure A5-86. Calculated HOMO and LUMO energy distribution of 4-16 in dichloromethane. 
 
Figure A5-87. Calculated HOMO and LUMO energy distribution of 4-17 in vacuum. 
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Figure A5-88. Calculated HOMO and LUMO energy distribution of 4-17 in dichloromethane. 
 
Figure A5-89. Calculated HOMO and LUMO energy distribution of 4-18 in vacuum. 
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Figure A5-90. Calculated HOMO and LUMO energy distribution of 4-18 in dichloromethane. 
 
Figure A5-91. Calculated HOMO and LUMO energy distribution of 4-19 in vacuum. 
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Figure A5-92. Calculated HOMO and LUMO energy distribution of 4-19 in dichloromethane. 
 
Figure A5-93. Calculated HOMO and LUMO energy distribution of 4-20 in vacuum. 
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Figure A5-94. Calculated HOMO and LUMO energy distribution of 4-20 in dichloromethane 
 
Figure A5-95. Calculated HOMO and LUMO energy distribution of 4-21 in vacuum. 
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Figure A5-96. Calculated HOMO and LUMO energy distribution of 4-21 in dichloromethane. 
 
Figure A5-97. Calculated HOMO and LUMO energy distribution of 4-22 in vacuum. 
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Figure A5-98. Calculated HOMO and LUMO energy distribution of 4-22 in dichloromethane. 
 
Figure A5-99. Calculated HOMO and LUMO energy distribution of 4-23 in vacuum. 
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Figure A5-100. Calculated HOMO and LUMO energy distribution of 4-23 in 
dichloromethane. 
  
  
CXVIII 
 
 
  
CXIX 
Annexe 6- Chapitre 4 
Résolution de la structure cristalline. 
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Table A6-1. Crystal data. 
C18H18N6S2 ? 
Mr = 382.50 Dx = 1.363 Mg m
−3
 
Orthorhombic, Pbca Melting point: ? K 
Hall symbol: -P 2ac 2ab Cu Kα radiation, λ = 1.54178 Å 
a = 16.0473 (6) Å Cell parameters from 8371 reflections 
b = 8.2489 (3) Å θ = 4.2–71.4° 
c = 28.1693 (11) Å µ = 2.71 mm
−1
 
V = 3728.8 (2) Å
3
 T = 150 K 
Z = 8 Platelet, orange 
F(000) = 1600 0.18 × 0.06 × 0.04 mm 
 
Table A6-2. Data collection. 
Bruker Smart 6000  
diffractometer  
3680 independent reflections 
Radiation source: Rotating Anode 2881 reflections with I > 2σ(I) 
Montel 200 optics  Rint = 0.053 
Detector resolution: 5.5 pixels mm
-1
 θmax = 72.5°, θmin = 3.1° 
ω scans h = −19 19 
Absorption correction: multi-scan  
SADABS (Sheldrick, 1996) 
k = −10 9 
Tmin = 0.615, Tmax = 0.897 l = −34 34 
49300 measured reflections 
 
 
Table A6-3. Refinement. 
  
CXXI 
 
Refinement on F
2
 
Secondary atom site location: difference 
Fourier map 
Least-squares matrix: full 
Hydrogen site location: inferred from 
neighbouring sites 
R[F
2
 > 2σ(F2)] = 0.054 H-atom parameters constrained  
wR(F
2
) = 0.147 
w = 1/[σ2(Fo
2
) + (0.1051P)
2
]  
where P = (Fo
2
 + 2Fc
2
)/3 
S = 1.01 (Δ/σ)max = 0.001 
3680 reflections Δρmax = 1.40 e Å
−3
 
239 parameters Δρmin = −0.26 e Å
−3
 
0 restraints Extinction correction: none 
? constraints Extinction coefficient: ? 
Primary atom site location: structure-
invariant direct methods 
 
 
Refinement of F
2
 against ALL reflections. The weighted R-factor wR and goodness of fit S are 
based on F
2
, conventional R-factors R are based on F, with F set to zero for negative F
2
. The 
threshold expression of F
2
 > 2sigma(F
2
) is used only for calculating R-factors(gt) etc. and is 
not relevant to the choice of reflections for refinement. R-factors based on F
2
 are statistically 
about twice as large as those based on F, and R– factors based on ALL data will be even 
larger. 
 
  
  
CXXII 
Table A6-4. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å
2
). 
 
 
x y z Uiso*/Ueq 
S1 0.30438 (3) 0.08147 (7) 0.71133 (2) 0.02433 (18) 
S2 0.19877 (4) 0.45752 (7) 0.54667 (2) 0.02502 (18) 
N1 0.39394 (12) −0.2198 (2) 0.82827 (7) 0.0267 (4) 
N2 0.27804 (12) −0.1156 (2) 0.79043 (7) 0.0251 (4) 
N3 0.21846 (12) 0.6478 (2) 0.46600 (7) 0.0254 (4) 
N4 0.09624 (12) 0.7112 (3) 0.42615 (7) 0.0303 (5) 
N17 0.04688 (14) −0.1475 (3) 0.79307 (8) 0.0415 (6) 
N18 0.44816 (14) 0.7060 (3) 0.46206 (8) 0.0408 (6) 
C1 0.48393 (14) −0.2280 (4) 0.83415 (9) 0.0363 (6) 
H1A 0.5109 −0.1599 0.8102 0.054* 
H1B 0.5025 −0.3405 0.8304 0.054* 
H1C 0.4990 −0.1893 0.8659 0.054* 
C2 0.34223 (15) −0.3132 (3) 0.86096 (8) 0.0332 (6) 
H2A 0.3183 −0.2405 0.8849 0.050* 
H2B 0.3764 −0.3957 0.8767 0.050* 
H2C 0.2972 −0.3661 0.8433 0.050* 
C3 0.35884 (15) −0.1283 (3) 0.79488 (8) 0.0257 (5) 
H3 0.3937 −0.0703 0.7736 0.031* 
C4 0.24674 (15) −0.0249 (3) 0.75401 (8) 0.0238 (5) 
C5 0.16188 (14) −0.0044 (3) 0.74507 (8) 0.0243 (5) 
C6 0.14460 (15) 0.0967 (3) 0.70501 (8) 0.0260 (5) 
H6 0.0898 0.1234 0.6949 0.031* 
  
CXXIII 
C7 0.21484 (14) 0.1509 (3) 0.68266 (8) 0.0241 (5) 
C8 0.21834 (14) 0.2502 (3) 0.64022 (8) 0.0246 (5) 
H8 0.1667 0.2850 0.6272 0.030* 
C9 0.28752 (15) 0.2970 (3) 0.61775 (8) 0.0263 (5) 
H9 0.3393 0.2632 0.6308 0.032* 
C10 0.29006 (14) 0.3954 (3) 0.57504 (8) 0.0245 (5) 
C11 0.35863 (15) 0.4538 (3) 0.55194 (8) 0.0263 (5) 
H11 0.4142 0.4323 0.5618 0.032* 
C12 0.33846 (15) 0.5503 (3) 0.51154 (9) 0.0262 (5) 
C13 0.25374 (15) 0.5634 (3) 0.50263 (8) 0.0238 (5) 
C14 0.13921 (15) 0.6283 (3) 0.45878 (8) 0.0276 (5) 
H14 0.1103 0.5511 0.4776 0.033* 
C15 0.13479 (18) 0.8354 (3) 0.39713 (9) 0.0389 (6) 
H15A 0.1836 0.8791 0.4136 0.058* 
H15B 0.0947 0.9228 0.3913 0.058* 
H15C 0.1521 0.7883 0.3668 0.058* 
C16 0.00928 (15) 0.6727 (4) 0.41678 (9) 0.0447 (8) 
H16A −0.0085 0.5843 0.4377 0.067* 
H16B 0.0030 0.6391 0.3836 0.067* 
H16C −0.0252 0.7686 0.4227 0.067* 
C17 0.09936 (15) −0.0832 (3) 0.77230 (8) 0.0284 (5) 
C18 0.39858 (14) 0.6344 (3) 0.48350 (9) 0.0297 (5) 
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Table A6-5. Geometric parameters (Å, °). 
 
S1—C7 1.745 (2) N17—C17 1.154 (3) 
S1—C4 1.752 (2) N18—C18 1.160 (3) 
S2—C10 1.746 (2) C4—C5 1.395 (3) 
S2—C13 1.755 (2) C5—C17 1.420 (3) 
N1—C3 1.331 (3) C5—C6 1.430 (3) 
N1—C1 1.455 (3) C6—C7 1.366 (3) 
N1—C2 1.460 (3) C7—C8 1.450 (3) 
N2—C3 1.307 (3) C8—C9 1.335 (3) 
N2—C4 1.366 (3) C9—C10 1.452 (3) 
N3—C14 1.298 (3) C10—C11 1.366 (3) 
N3—C13 1.368 (3) C11—C12 1.426 (3) 
N4—C14 1.337 (3) C12—C13 1.387 (3) 
N4—C15 1.450 (3) C12—C18 1.427 (3) 
N4—C16 1.455 (3) 
  
C7—S1—C4 92.70 (11) C6—C7—C8 126.6 (2) 
C10—S2—C13 92.74 (11) C6—C7—S1 111.02 (18) 
C3—N1—C1 121.8 (2) C8—C7—S1 122.34 (18) 
C3—N1—C2 120.3 (2) C9—C8—C7 125.9 (2) 
C1—N1—C2 117.87 (19) C8—C9—C10 125.3 (2) 
C3—N2—C4 118.7 (2) C11—C10—C9 127.9 (2) 
C14—N3—C13 117.4 (2) C11—C10—S2 110.76 (18) 
C14—N4—C15 121.9 (2) C9—C10—S2 121.33 (17) 
C14—N4—C16 120.5 (2) C10—C11—C12 113.2 (2) 
C15—N4—C16 117.5 (2) C13—C12—C11 114.2 (2) 
  
CXXV 
N2—C3—N1 122.2 (2) C13—C12—C18 121.6 (2) 
N2—C4—C5 124.1 (2) C11—C12—C18 124.0 (2) 
N2—C4—S1 126.56 (18) N3—C13—C12 125.6 (2) 
C5—C4—S1 109.33 (17) N3—C13—S2 125.35 (18) 
C4—C5—C17 122.5 (2) C12—C13—S2 109.02 (17) 
C4—C5—C6 113.7 (2) N3—C14—N4 123.3 (2) 
C17—C5—C6 123.8 (2) N17—C17—C5 177.7 (3) 
C7—C6—C5 113.2 (2) N18—C18—C12 177.6 (3) 
All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using 
the full covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation 
of e.s.d.'s in distances, angles and torsion angles; correlations between e.s.d.'s in cell 
parameters are only used when they are defined by crystal symmetry. An approximate 
(isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.
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Experimental 
Synthesis  
The synthesis of 1A, 2, 4A, 4B, and 5 were done according to known methods.  
 
 
Scheme A7-1. Synthetic scheme for the preparation of 5-1. 
 
Ethyl 2-(((trifluoromethoxy) carbonyl) amino) thiophene-3-carboxylate (1B).  In a 
round bottom flask, 1A (2 g, 11.69 mmol) was dissolved in anhydrous dichloromethane (20 
mL). Trifluoroacetic anhydride (2.95 g, 14.03 mmol) was added to the reaction at 0°C 
followed by the addition of triethylamine. The resulting mixture was stirred under nitrogen at 
room temperature for 16 hours. The reaction was then redisolved in dichloromethane, 
extracted with brine and dried over sodium sulfate.  The product was purified by column 
chromatography (90/10 hexanes/ ethyl acetate) to give a white powder (1.62 g, 53 %). 
1
H 
NMR (400 MHz, acetone-d6,  ):12.08 (s, 0.2H), 7.36-7.34 (m, 1H),  7.25-7.23 (m, 1H), 4.44-
4.39 (m, 2H), 1.41-1.37 (t, J= 6.8 Hz, 3H). 
13
C NMR (400 MHz, acetone-d6, ): 165.4, 145.4, 
124.6, 119.2, 117.5, 116.7, 114.7, 61.7, 14.0. HRMS (+) calcd for C9H9F3NO3S [M + H]
 +
 
268.0250, found 268.0248.  
  
CXXX 
Ethyl 2-(((trifluoromethoxy) carbonyl) amino)-formylthiophene-3-carboxylate 
(1C).  In a dried two-neck round bottom flask, phosphorous oxychloride (0.80 mL, 8.8 mmol) 
was added dropwise to dimethylformamide (0.68 mL, 8.8 mmol) at 0°C. Meanwhile, 1B was 
dissolved in dioxane (20 mL) and added dropwise to the cold mixture. The reaction mixture 
was heated at 60°C overnight and then it was poured into ice water. The resulting slurry was 
extracted with ethyl acetate, dried over MgSO4, filtered and then the solvent was removed. 
Purification by column chromatography (70/30 hexanes/ethyl acetate) gave the product as a 
white solid (0.55 g, 30%). 
1
H NMR (400 MHz, CDCl3, )11.26 (s, 0.92 H), 9.86 (s, 1 H), 
8.65 (s, 1H), 7,93 (s, 1H), 4.42-4.38 (m, 2H), 1.43-1.40 (t, J= 6.8 Hz, 3H). 
13
C NMR (400 
MHz, acetone-d6, )185.7, 161.7, 136.9, 135.1, 116.6, 101.9, 62.9, 15.5, 0.9. 
(E)-Diethyl 5, 5’-(ethene-1, 2-diyl) bis (2-aminothiophene-3-carboxylate) (1). In a 
dry two-neck round bottom flask was dissolved zinc (2 g, 30.7 mmol) in anhydrous 
tetrahydrofuran (15 mL). TiCl4 (1.7 mL, 15.7 mmol) was added dropwise at 0°C. The mixture 
was stirred at room temperature for 0.5 hours then a solution of 1C (1 g, 3.9 mmol) in THF (15 
mL) was added dropwise at 0°C. The reaction mixture was protected from light and refluxed 
for 3 hours. Afterwards, it was poured into ice water and the organic layer was extracted with 
ethyl acetate, dried over MgSO4, filtered and then the solvent was removed. The crude mixture 
was poured into a solution of 0.5 g of K2CO3 in 20 mL of methanol and 4 mL of water. The 
reaction mixture was protected from light and was stirred at room temperature for 3 hours 
under nitrogen. The solvent was then evaporated and the product was extracted with ethyl 
acetate, dried with MgSO4, filtered and then the solvent was removed. The product was 
obtained as a yellow powder (0.21 g, 28 %) after a purification by column chromatography 
(70/30 hexanes/ ethyl acetate). 
1
H NMR (400 MHz, acetone-d6, )7.14 (s, 0.82 H), 6.84 (s, 
1H), 6.50 (s, 1H), 4.25-4.19 (m, 2H), 1.31-1.28 (t, J= 7.2 Hz, 3H). 
13
C NMR (400 MHz, 
acetone-d6, ): 165.6, 163.8, 125.2, 124.3, 119.6, 106.0, 60.0, 14.9 HRMS (+) calcd for 
C16H19N2O4S1 [M + H]
 +
 367.0781, found 367.0782.  
 
  
CXXXI 
Polymerization of electroactive polymers 
A 1:1 solution of the corresponding diamine and dialdehyde (5 mg mL
-1
) in 
tetrahydrofuran (THF) was spin-coated onto an ITO glass electrode having 1 x 2.5 cm 
dimensions at 2000 rpm with an acceleration of 4000 rpm during 30 seconds.  1 was promptly 
used after its synthesis for polyazomethine preparation. The slides were placed on a hot plate 
along with a vial containing trifluoroacetic acid (TFA; 1.5 mL). A glass dish covered the 
samples to create a saturated acidic atmosphere. The plates were heated at 70°C for 10 minutes 
then at 120°C for 1 hour. After cooling to room temperature, the plates were rinsed with a 
triethylamine dichloromethane solution and dichloromethane to remove the residual 
monomers and oligomers while to also undope the resulting polymer. 
Spectroelectrochemical measurements 
Solution based spectroelectrochemical measurements were done by coupling a 
Biologic System VSP 300 potentiostat to a Cary 500 spectrophotometer using a special 1 mm 
optical path length cuvette with a platinum mesh electrode as the working electrode. The 
auxiliary electrode used was a platinum wire while the reference was an Ag/Ag
+
 electrode. 
Compounds were dissolved in deaerated dichloromethane (10
-4 
M) with NBu4PF6 (0.1 M) as 
the supporting electrolyte. 
  
  
CXXXII 
Device fabrication and characterization. 
Transmissive electrochromic devices were fabricated using the electroactive 
immobilized polymer on the ITO glass electrode measuring  2.5x 3 cm. This layer served as 
the electrochromic layer on top of which was deposited the electrolyte gel. The latter was 
prepared by combining propylene carbonate (PC), poly(ethylene glycol) diacrylate and 
tetrabutylammonium hexafluoroborate in a respective 10:7:3 ratio. 2,2-Dimethoxy-2-
phenylacetophenone was used as a photoinitiator to initiator cross-linking of the gel.  
Photocuring was done by placing the device in a photoreactor and irradiating it with 3 lamps at 
350 nm for 10 min. It was added to the gel in 3.5x10
-3
 weight ratio to PC. The devices were 
assembled as previously reported.  
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Figure A7-1. 
1
H-NMR of 5-1B in acetone-d6. 
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Figure A7-2. 
13
C-NMR of 5-1B in acetone-d6. 
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Figure A7-3. 
19
F-NMR of 5-1B in acetone-d6. 
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Figure A7-4. 
1
H-NMR of 5-1C in chloroform-d. 
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Figure A7-5. 
13
C-NMR of 5-1C in acetone-d6. 
ppm (t1)
050100150200
1
8
5
.6
5
6
1
6
1
.6
7
0
1
3
6
.9
2
2
1
3
5
.1
2
5
1
1
6
.5
5
7
1
0
1
.8
9
3
6
2
.8
7
7
1
5
.5
3
4
0
.9
8
9
  
CXXXVIII 
 
Figure A7-6.
 1
H-NMR of 5-1 in acetone-d6. 
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Figure A7-7. 
13
C-NMR of 5-1 in acetone-d6. 
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Photophysical properties 
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Figure A7-8. Normalized absorbance (▬) and emission (▬) of 5-1 in dichloromethane. 
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Figure A7-9. Anodic cyclic voltammogram of 5-1 in 0.1 M TBAPF6 in anhydrous and 
deaerated dichloromethane measured at 100 mV s
-1
. 
  
CXLI 
-1.6 -1.2 -0.8 -0.4 0.0
0
4
8
12
C
u
rr
e
n
t 
(m
A
)
Potential vs Ag/Ag
+
 (V)
 
Figure A7-10. Cathodic cyclic voltammogram of 5-1 in 0.1 M TBAPF6 in anhydrous and 
deaerated dichloromethane measured at 100 mV s
-1
. 
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Figure A7-11. Normalized absorbance spectra of spin-coated 5-1 and 5-4A (▬) and the 
corresponding polymer 5-P1 (▬) on ITO coated glass surfaces. Inset:  A) spin-coated 
monomers 5-1 and 5-4A and B) 5-P1. 
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Figure A7-12. Profilometry trace of 5-1 and 5-4A spin coated on an ITO surface. 
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Figure A7-13. Profilometry scan of 5-P1 on an ITO surface. 
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Figure A7-14. Anodic cyclic voltammogram of 5-P1 in 0.1 M TBAPF6 in anhydrous and 
deaerated acetonitrile measured at 100 mV s
-1
 for 5 cycles. 
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Figure A7-15. Cathodic cyclic voltammogram of 5-P1 in 0.1 M TBAPF6 in anhydrous and 
deaerated acetonitrile measured at 100 mV s
-1
. 
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Figure A7-16. Anodic cyclic voltammograms of 5-P1 measured at 10 (▬), 25 (▬), 50 (▬), 
75 (▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 900 
(▬) and 1000 (▬) mV s-1 in 0.1 M TBAPF6 anhydrous and deaerated acetonitrile. 
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Figure A7-17. Anodic current as a function of scan rate of 5-P1. 
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Figure A7-18. Transmittance of 5-P1 at 685 nm with applied potentials between 1.3 V and 0.1 
V for 10 seconds over 90 cycles in a 0.1 M TBAPF6 solution in deaerated acetonitrile. 
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Figure A7-19. Normalized absorbance spectra of 5-P1 in the neutral state (▬), chemically 
doped with FeCl3 (▬) and reduced with hydrazine (▬). 
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Figure A7-20. Spectroelectrochemical characterization of 5-P1 in an electrochromic device. 
Inset: reversible color change of the fabricated electrochromic device. 
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Figure A7-21. Transmittance of 5-P1in an electrochromic device at 646 nm with applied 
potentials between 2.3 and 0.1 V for 10, 5, and 1 seconds. 
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Figure A7-22. Transmittance of 5-P1 in an electrochromic device at 646 nm with applied 
potentials between 2.3 and 0.1 V for 10 seconds over 120 cycles. 
0 500 1000 1500 2000
-2000
0
2000
4000
6000
8000
10000
12000
14000
H
e
ig
h
t 
(A
n
g
s
tr
o
m
)
Distance (m)
 
Figure A7-23. Profilometry scan of 5-P1 for device fabrication 
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Figure A7-24. Normalized absorbance spectra of spin-coated monomers 5-1 and 5-4B (▬) 
and the corresponding polymer 5-P2 (▬) on ITO coated glass surfaces. Inset: A) spin-coated 
monomers 5-1 and 5-4B and B) 5-P2. 
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Figure A7-25. Anodic cyclic voltammogram of 5-P2 in 0.1 M TBAPF6 in anhydrous and 
deaerated acetonitrile measured at 100 mV s
-1
 for 5 cycles. 
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Figure A7-26. Anodic cyclic voltammograms of 5-P2 measured at 10 (▬), 25 (▬), 50 (▬), 
75 (▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 900 
(▬) and 1000 (▬) mV s-1 in 0.1 M TBAPF6 anhydrous and deaerated acetonitrile. 
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Figure A7-27. Anodic current as a function of scan rate of 5-P2. 
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Figure A7-28. Anodic current as a function of the square root of the scan rate of 5-P2. 
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Figure A7-29. Spectroelectrochemistry of 5-P2 in deaerated acetonitrile with applied a 
potential between 0 (▬) and 1.4 V (▬). Inset: reversible color change observed for 5-P2. 
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Figure A7-30. Transmittance of 5-P2 at 741 nm with applied potentials between 1.3 and 0.1 V 
for 10, 5, and 1 seconds in a 0.1 M TBAPF6 solution in deaerated acetonitrile. 
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Figure A7-31.Transmittance of 5-P2 at 741 nm with applied potentials between 1.3 and 0.1 V 
for 10 seconds over 120 cycles in a 0.1 M TBAPF6 solution in deaerated acetonitrile. 
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Figure A7-32.Normalized absorbance spectra of 5-P2 in the neutral state (▬), chemically 
doped with FeCl3 (▬) and reduced with hydrazine (▬). 
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Figure A7-33. Transmittance of 5-P2 in an electrochromic device at 724 nm with applied 
potentials between 2.4 and 0.1 V for 10 seconds over 60 cycles. 
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Figure A7-34. Profilometry scan of 5-P2 for device fabrication. 
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Figure A7-35. Normalized absorbance spectra of spin-coated monomers 5-1 and 5-5 (▬) and 
the corresponding polymer 5-P3 (▬) on ITO coated glass surfaces. Inset: A) spin-coated 
monomers 5-1 and 5-5 and B) 5-P3. 
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Figure A7-36. Profilometry trace of monomers 5-1 and 5-5 spin coated on an ITO surface. 
 
0 500 1000 1500 2000
-500
0
500
1000
1500
2000
H
e
ig
h
t 
(A
n
g
s
tr
o
m
)
Distance (m)
 
Figure A7-37. Profilometry trace of 5-P3 spin coated on an ITO surface. 
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Figure A7-38. Anodic cyclic voltammogram of 5-P3 in 0.1 M TBAPF6 in anhydrous and 
deaerated acetonitrile measured at 100 mV s
-1
 for 5 cycles. 
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Figure A7-39. Cathodic cyclic voltammogram of 5-P3 in 0.1 M TBAPF6 in anhydrous and 
deaerated acetonitrile measured at 100 mV s
-1
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Figure A7-40.  Anodic cyclic voltammograms of 5-P3 measured at 10 (▬), 25 (▬), 50 (▬), 
75 (▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 900 
(▬) and 1000 (▬) mV s-1 in 0.1 M TBAPF6 anhydrous and deaerated acetonitrile. 
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Figure A7-41. Anodic current as a function of scan rate of 5-P3. 
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Figure A7-42. Spectroelectrochemistry of 5-P3 in deaerated acetonitrile with applied 
potentials between 0 (▬), and 1.4 V (▬). Inset: reversible color change observed for 5-P3. 
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Figure A7-43. Transmittance of 5-P3 at 996 nm with applied potentials between 1.3 and 0.1 V 
for 10, 5, and 1 seconds in a 0.1 M TBAPF6 solution in deaerated acetonitrile. 
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Figure A7-44. Transmittance of 5-P3 at 996 nm with applied potentials between 1.3 and 0.1 V 
for 10 seconds over 90 cycles in a 0.1 M TBAPF6 solution in deaerated acetonitrile. 
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Figure A7-45. Normalized absorbance spectra of 5-P3 in the neutral state (▬), chemically 
doped with FeCl3 (▬) and reduced with hydrazine (▬). 
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Figure A7-46. Spectroelectrochemical characterization of 5-P3 in an electrochromic device. 
Inset: reversible color change of the fabricated electrochromic device. 
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Figure A7-47. Transmittance of 5-P3 in an electrochromic device at 1046 nm with applied 
potentials between 2.4 and 0.1 V for 10, 5, and 1 seconds. 
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Figure A7-48. Transmittance of 5-P3 in an electrochromic device at 1050 nm with applied 
potentials between 2.4 V and 0.1 V for 10 seconds over 180 cycles. 
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Figure A7-49. Profilometry scan of 5-P3 for device fabrication. 
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Figure A7-50. Normalized absorbance spectra of spin-coated monomers 5-3 and 5-4A (▬) 
and the corresponding polymer 5-P4 (▬) on ITO coated glass surfaces. Inset: A) spin-coated 
monomers 5-3 and 5-4A and B) 5-P4. 
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Figure A7-51. Profilometry trace of monomers 5-3 and 5-4A spin coated on an ITO surface. 
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Figure A7-52. Profilometry trace of 5-P4 spin coated on an ITO surface. 
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Figure A7-53. Anodic cyclic voltammogram of 5-P4 in 0.1 M TBAPF6 in anhydrous and 
deaerated acetonitrile measured at 100 mV s
-1
 for 5 cycles. 
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Figure A7-54. Anodic cyclic voltammogram of 5-P5 in 0.1 M TBAPF6 in anhydrous and 
deaerated acetonitrile measured at 100 mV s
-1
. 
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Figure A7-55. Anodic cyclic voltammograms of 5-P4 measured at 10 (▬), 25 (▬), 50 (▬), 
75 (▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 900 
(▬) and 1000 (▬) mV s-1 in 0.1 M TBAPF6 anhydrous and deaerated acetonitrile. 
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Figure A7-56. Anodic current as a function of scan rate of 5-P4. 
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Figure A7-57. Spectroelectrochemistry of 5-P4 in deaerated acetonitrile with applied 
potentials between 0 (▬) and 1.8 V (▬). Inset: reversible color change observed for 5-P4. 
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Figure A7-58. Transmittance of 5-P4 at 675 nm with applied potentials between 1.3 and 0.1 V 
for 10, 5, and 1 seconds in a 0.1 M TBAPF6 solution in deaerated acetonitrile. 
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Figure A7-59. Transmittance of 5-P4 at 675 nm with applied potentials between 1.3 and 0.1 V 
for 10 seconds over 60 cycles in a 0.1 M TBAPF6 solution in deaerated acetonitrile. 
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Figure A7-60. Normalized absorbance spectra of 5-P4 in the neutral state (▬), chemically 
doped with FeCl3 (▬) and reduced with hydrazine (▬). 
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Figure A7-61. Spectroelectrochemical characterization of 5-P4 in an electrochromic device. 
Inset: reversible color change of the fabricated electrochromic device. 
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Figure A7-62. Transmittance of 5-P4 in an electrochromic device at 500 nm with applied 
potentials between 2.4 and 0.1 V for 10, 5, and 1 seconds. 
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Figure A7-63. Transmittance of 5-P4 in an electrochromic device at 500 nm with applied 
potentials between 2.4 and 0.1 V for 10 seconds over 60 cycles. 
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Figure A7-64. Profilometry scan of 5-P4 for device fabrication. 
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Figure A7-65. Normalized absorbance spectra of spin-coated monomers 5-3 and 5-4B (▬) 
and the corresponding polymer 5-P5 (▬) on ITO coated glass surfaces. Inset: A) spin-coated 
monomers 5-3 and 5-4B and B) 5-P5. 
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Figure A7-66. Profilometry trace of monomers 5-3 and 5-4B spin coated on an ITO surface. 
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Figure A7-67. Profilometry trace of 5-P5 spin coated on an ITO surface. 
  
CLXX 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
C
u
rr
e
n
t 
(m
A
)
Potential vs Ag/Ag
+
 (V)
 
Figure A7-68. Anodic cyclic voltammogram of 5-P5 in 0.1 M TBAPF6 in anhydrous and 
deaerated acetonitrile measured at 100 mV s
-1
 for 5 cycles. 
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Figure A7-69. Cathodic cyclic voltammogram of 5-P5 in 0.1 M TBAPF6 in anhydrous and 
deaerated acetonitrile measured at 100 mV s
-1
. 
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Figure A7-70. Anodic cyclic voltammograms of 5-P5 measured at 10 (▬), 25 (▬), 50 (▬), 
75 (▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 900 
(▬) and 1000 (▬) mV s-1 in 0.1 M TBAPF6 anhydrous and deaerated acetonitrile. 
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Figure A7-71. Anodic current as a function of scan rate of 5-P5 
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Figure A7-72. Spectroelectrochemistry of 5-P5 in deaerated acetonitrile with applied 
potentials between 0 (▬) and 1.3 V (▬).Inset: reversible color change observed for 5-P5. 
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Figure A7-73. Transmittance of 5-P5 at 560 nm with applied potentials between 1.3 and 0.1 V 
for 10, 5, and 1 seconds in a 0.1 M TBAPF6 solution in deaerated acetonitrile. 
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Figure A7-74. Transmittance of 5-P5 at 560 nm with applied potentials between 1.3 and 0.1 V 
for 10 seconds over 60 cycles in a 0.1 M TBAPF6 solution in deaerated acetonitrile. 
 
400 600 800 1000 1200
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
liz
e
d
 a
b
s
o
rb
a
n
c
e
 (
a
.u
.)
Wavelength (nm)
 
Figure A7-75. Normalized absorbance spectra of 5-P5 in the neutral state (▬), chemically 
doped with FeCl3 (▬) and reduced with hydrazine (▬). 
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Figure A7-76. Spectroelectrochemical characterization of 5-P5 in an electrochromic device. 
Inset: reversible color change of the fabricated electrochromic device. 
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Figure A7-77. Transmittance of 5-P5 in an electrochromic device at 550 nm with applied 
potentials between 2.4 and 0.1 V for 10, 5, and 1 seconds. 
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Figure A7-78. Transmittance of 5-P5 in an electrochromic device at 550 nm with applied 
potentials between 2.4 and 0.1 V for 10 seconds over 60 cycles. 
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Figure A7-79. Profilometry scan of 5-P5 for device fabrication. 
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Figure A7-80. Normalized absorbance spectra of spin-coated monomers 5-3 and 5-5 (▬) and 
the corresponding polymer 5-P6 (▬) on ITO coated glass surfaces. Inset: A) spin-coated 
monomers 5-3 and 5-5 and B) 5-P6. 
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Figure A7-81. Profilometry trace of monomers 5-3 and 5-5 spin coated on an ITO surface. 
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Figure A7-82. Profilometry trace of 5-P6 spin coated on an ITO surface. 
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Figure A7-83. Anodic cyclic voltammogram of 5-P6 in 0.1 M TBAPF6 in anhydrous and 
deaerated acetonitrile measured at 100 mV s
-1
 for 5 cycles. 
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Figure A7-84. Anodic cyclic voltammograms of 5-P6 measured at 10 (▬), 25 (▬), 50 (▬), 
75 (▬), 100 (▬), 200 (▬), 300 (▬), 400 (▬), 500 (▬), 600 (▬), 700 (▬), 800 (▬), 900 
(▬) and 1000 (▬) mV s-1 in 0.1 M TBAPF6 anhydrous and deaerated acetonitrile. 
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Figure A7-85. Anodic current as a function of scan rate of 5-P6. 
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Figure A7-86. Spectroelectrochemistry of 5-P6 in deaerated acetonitrile with applied 
potentials between 0 (▬), and 1.4 V (▬).Inset: reversible color change observed for 5-P6. 
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Figure A7-87. Transmittance of 5-P6 at 560 nm with applied potentials between 1.4 and 0.1 V 
for 10, 5, and 1 seconds in a 0.1 M TBAPF6 solution in deaerated acetonitrile. 
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Figure A7-88. Transmittance of 5-P6 at 560 nm with applied potentials between 1.4 V and 0.1 
V for 10 seconds over 60 cycles in a 0.1 M TBAPF6 solution in deaerated acetonitrile. 
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Figure A7-89. Normalized absorbance spectra of 5-P6 in the neutral state (▬), chemically 
doped with FeCl3 (▬) and reduced with hydrazine (▬). 
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Figure A7-90. Spectroelectrochemical characterization of 5-P6 in an electrochromic device. 
Inset: reversible color change of the fabricated electrochromic device. 
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Figure A7-91. Transmittance of 5-P6 in an electrochromic device at 595 nm with applied 
potentials between 2.4 and 0.1 V for 10, 5, and 1 seconds. 
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Figure A7-92. Transmittance of 5-P6 in an electrochromic device at 595 nm with applied 
potentials between 2.4 and 0.1 V for 10 seconds over 90 cycles. 
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Figure A7-93. Profilometry scan of 5-P6 for device fabrication. 
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Table A7-1. CIE colour coordinates of the different states of the polymers 
Compound State a* b*  L* 
P1 
Neutral
a
 5.6 16.0 97.2 
 elec-chemb 1.1 3.7 93.8 
 chemc -3.1 -3.0 76.9 
Neutral device
d
 9.4 17.4 98.5 
Oxidized device
e
 4.0 8.9 98.1 
P2 
Neutral
a
 7.2 9.1 90.4 
 elec-chemb 4.1 -5.9 87.3 
 chemc 0.6 -1.9 87.6 
Neutral device
d
 5.6 5.4 89.2 
Oxidized device
e
 2.1 4.2 90.3 
P3 
Neutral
a
 -1.3 -1.6 89.9 
 elec-chemb 1.96 3.3 91.3 
chemc 0.4 1.7 92.1 
Neutral device
d
 -1.4 -2.6 95.0 
Oxidized device
e
 -0.2 -0.4 94.8 
P4 
Neutral
a
 3.4 36.2 95.4 
 elec-chemb 14.6 31.9 89.6 
 chemc 30.2 13.5 76.0 
Neutral device
d
 0.5 22.3 97.5 
Oxidized device
e
 8.0 13.5 94.6 
P5 
Neutral
a
 4.1 34.9 95.2 
 elec-chemb 5.0 19.2 88.3 
 chemc 20.6 -0.6 70.8 
Neutral device
d
 -1.4 59.8 98.0 
Oxidized device
e
 16.2 39.4 87.7 
P6 
Neutral
a
 26.7 33.2 75.4 
 elec-chemb 14.9 12.4 77.7 
 chemc 13.9 13.5 78.6 
Neutral device
d
 32.6 34.3 77.1 
Oxidized device
e
 21.3 19.6 71.1 
a
Polymer on ITO surfaces. 
b
Electrochemically oxidized polymers on ITO surfaces. 
c
Chemically oxidized polymers on ITO surfaces. 
d
Electrochromic device in the neutral state. 
e
Electrochromic device in the oxidized state. 
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General Procedures 
 
All reagents were commercially available from Aldrich and were used as received 
unless otherwise stated. Anhydrous and deaerated solvents were obtained with a Glass 
Contour solvent purification system. 
1
H-NMR and 
13
C-NMR spectra were recorded on a 
Bruker 400 MHz spectrometer with the appropriate deuterated solvents. 
Spectroscopic Measurements 
 
The absorption measurements were done on a Varian Cary 500 spectrometer and the 
fluorescence   measurements  were  performed  on  an  Edinburgh  Instrument  FLS-920 
fluorimeter after deaerating the sample for 20 minutes. 
Crystal Structure  Determination 
 
Diffraction data for 6-2 was collected on a Bruker FR591 diffractometer using 
graphite- monochromatized CuK\α radiation with 1.54178 Å.  The structure was solved by 
direct methods  (SHELXS97). All   non-hydrogen  atoms  were  refined  based  on  
Fobs2 (SHELXS97), while hydrogen atoms were  refined on calculated positions with fixed 
isotropic U, using riding model techniques. 
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Table A8-1. Details of Crystal Structure Determination for 6-2. 
Formula C12H11NO3S2 
CCSD no.
 
see remark 1 
Mw (g/mol); F(000) 281.34  g/mol ; 584 
Crystal color and form Yellow needle 
Crystal size (mm) 0.13 x 0.05 x 0.03 
T (K); dcalcd. (g/cm
3
) 150 (2) ; 1.509 
Crystal System Monoclinic 
Space Group P21/c 
Unit Cell: a (Å) 13.5461(7) 
b (Å) 5.6788 (3) 
c (Å) 16.1132 (8) 
  (°) 90.000 
  (°) 92.787 (2) 
  (°) 90.000 
V (Å
3
); Z 1238.05 (11) ; 4 
 range (°); completeness 3.27 - 69.66 ; 0.937 
Reflections: collected / 25307  / 2313 ; 
  
CXC 
independent; Rint 0.036 
  (mm–1) 
Abs. Corr. 
3.913 
Semi-empirical 
R1(F); wR(F
2
) [I > 2(I)] 0.0262; 0.0713 
R1(F); wR(F
2
) (all data) 0.0276; 0.0724 
GoF(F
2
) 1.062 
Max. residual e
– 
density 0.251  e
–
·Å
–3
 
 
  
  
CXCI 
Synthetic Details 
Synthesis of 6-1. 
 
Water (0.18 g, 10 mmol) was added to the mixture of thiophene aldehyde (4.48 g, 3.66 
mL, 40 mmol),  trimethylsulfonium iodide (8.16 g, 40 mmol) and potassium hydroxide (4.48 
g, 80 mmol) in acetonitrile (80 mL) at room temperature. The mixture was stirred for 3 hours 
at 60°C. The mixture was dried under vacuum. Ethyl acetate was added and the  white  solid  
was  filtered  off  and  washed  with  ethyl  acetate.  The  solution  was evaporated to give the 
crude product of thienyloxirane as a brown liquid. Without further purification, the aldehyde 
was diluted in ethyl acetate (20 mL) and silica gel was added at 0°C to give sticky absorbent 
mixture that was stirred for 1 hour at room temperature. The solid was filtered and washed 
with ethyl acetate. Evaporation of the solvent gave the 2- thienylacetaldehyde  product  as  a  
light  brown  liquid  in  approximate  yield  of  61%, determined by 1H-NMR. The crude 
product was dissolved in ethanol (40 mL), ethyl cyanoacetate (4.52 g, 40 mmol) and sulfur 
(1.28 g, 40 mmol) was added. Diethyl amine (2.92 g, 40 mmol) was slowly dropped in at 0°C. 
The mixture was  stirred at room temperature for 24 hours, dried under reduced pressure, 
dissolved in dichloromethane, absorbed with silica gel, purified by column chromatography 
(hexane/ethyl acetate 10:1) to give the product of 6-1 as pale white solid (2.53 g, 25%). Mp 
138-140°C (acetone). 
1
H NMR (400 MHz, acetone-d6) δ 7.29 (dd, J
1
  = 4.6 Hz, J
2
  = 2 Hz, 
1H), 7.13 (bs, 2H), 7.04 (s, 1H), 7.01-6.99 (m, 2H), 4.26 (q, J = 7.2 Hz, 2H), 1.32 (t, J = 7.2 
Hz, 3H). 
13
C NMR (100 MHz, acetone-d6) δ 166.5, 164.9, 139.1, 129.6, 125.0, 123.9, 123.3, 
119.0, 107.6, 61.1, 15.8. HRMS (ESI) calculated for C11H11NO2S2 (M+H)
+
: 254.0304,  found: 
254.0310. 
 
 
  
CXCII 
Synthesis of 6-2. 
 
POCl3 (1.224 g, 0.731 mL, 8 mmol) was added dropwise to DMF (2.92 g, 40 mmol) at 
0°C. The mixture was stirred for 30 min at 0°C followed by the addition of 1 (0.506 g, 2 
mmol). The mixture was then stirred for 16 hours at 60°C, poured into water (300 mL) at 0°C, 
stirred for another 1.5 hour, extracted with dichloromethane (20 mL x 4), washed with water 
(40 mL), 1 M NaHCO3 (40 mL) and brine, dried over Na2SO4. After removal of the solvent, 
the residue was dissolved in ethanol (10 mL). Eight drops of sat. HCl (12 M) was added and 
then the mixture was heated at 70°C for 1 hour. After neutralization with 1 M  NaHCO3 at 
0°C, the reaction mixture was dried under vacuum to remove ethanol. The aqueous phase was 
extracted with dichloromethane (30 mL x 3), washed by water (40 mL), brine, dried over 
Na2SO4, purified by silica gel chromatography to give the product of 6-2 as light brown solid 
(0.23 g, 41%). Mp 168-174°C (dec.). 
1
H NMR (acetone-d6) δ 9.85 (s, 1H), 7.83 (d, J = 4.0 Hz, 
1H), 7.41 (bs, 1H), 7.37 (s, 1H), 7.19 (d, J = 4.0 Hz, 1H), 4.27 (q, J = 7.0 Hz, 2H), 1.33 (t, J = 
7.0 Hz, 3H). 
13
C NMR (acetone-d6) δ 184.1, 166.5, 166.3, 148.7, 142.2, 140.2, 127.0, 124.4, 
117.5, 108.3, 61.4, 15.8. HRMS(ESI) calculated for C12H11NO3S2 [M+H]
+
 282.02531, found 
282.02492. 
 
Synthesis of 6-3. 
 
To a solution of 6-1 (0.506 g, 2 mmol) in anhydrous dichloromethane (20 mL), was 
added dropwise trifluoroacetic anhydride (0.630 g, 3 mmol) at 0°C. The mixture was stirred 
for15 min at room temperature and then cooled to -78°C. Meanwhile, to another flask was 
  
CXCIII 
added trifluoroacetic anhydride (5 mL) and then followed by the slow addition of fuming nitric 
acid (132 µl, 2 mmol) at 0°C. The mixture was stirred for 30 min at 0°C and then cooled to -
78°C. The mixture was then removed by syringe and was slowly added dropwise to the 
solution of 1 at -78°C. The final mixture was stirred for 30 min at -78°C and then quenched 
with ice-water. After partitioning with dichloromethane, the organic layer was separated and 
the aqueous layer was extracted with dichloromethane (20 mL x3). The combined organic 
layers were mixed and washed with a solution of K2CO3 (20 %, 20 ml) and stirred for 1 hour 
at room temperature. The organic layer was separated, washed with brine, dried with Na2SO4, 
evaporated and purified by silica flash chromatography to give the product 6-3 as dark red 
solid (0.21 g, 35%). Mp 201-203°C. 
1
HNMR (400 MHz, acetone-d6) δ 7.93 (d, J = 4.4 Hz, 
1H), 7.55 (bs, 2H), 7.48 (s, 1H), 7.09 (d, J = 4.4 Hz, 1H), 4.28 (q, J = 7.1 Hz, 2H), 1.33 (t, J = 
7.1 Hz, 3H). 
13
C NMR (100 MHz, acetone-d6) δ 167.0, 166.1, 148.8, 147.98, 132.6, 128.5, 
122.7, 116.3, 108.7, 61.6, 15.8; HRMS (ESI) calculated for C11H10N2O4S2 (M+H)
+
: 299.0155, 
found: 299.0164. 
Synthesis of 6-4.  
 
A mixture of 6-2 (0.281 g, 1 mmol) and 2-thiophene aldehyde (1.12 g, 10 mmol) was 
heating at 90°C overnight.  The solvent was removed and the crude solid was dissolved in a 
minimum amount of dichloromethane, absorbed onto silica gel, and then purified by column 
chromatography to give the product 6-4 as an orange/yellow solid (0.188 g, 50%). Mp: 136-
138°C. 
1
H NMR (acetone-d6) δ 9.95 (s, 1H), 8.85 (s, 1H), 7.96 (d, J = 3.98 Hz, 1H), 7.91 (dt, 
J
1
 = 5.0 Hz, J
2
 = 1.04 Hz, 1H), 7.84 (dd, J
1
 = 3.69 Hz, J
2
 = 0.81 Hz, 1H), 7.72 (s, 1H), 7.53 (d, 
J = 3.98, 1H), 7.29 (dd, J
1
 = 5.0 Hz, J
2
 = 3.70, 1H), 4.31 (q, J = 7.1, Hz, 2H), 1.37 (t, J = 7.1 
Hz, 3H). 
13
C NMR (acetone-d6) δ 184.6, 163.7, 161.0, 157.4, 146.8, 144.4, 143.9, 139.9, 
137.2, 135.2, 130.4, 130.2, 129.1, 127.1, 126.7, 62.3, 15.7. HRMS(ESI) calculated for 
C17H14NO3S3 [M+H]
+
 376.01303, found 376.01371. 
  
CXCIV 
Synthesis of 6-5. 
 
6-2 (0.562 g, 2 mmol) and benzaldehyde (0.424 g, 0.406 mL, 4 mmol) were mixed in 
dichloromethane (20 mL) and then treated with sodium triacetoxyborohydride (0.848 g, 4 
mmol) and acetic acid (0.24 g, 0.228 mL, 4 mmol). The mixture was stirred at room 
temperature under nitrogen atmosphere for 24 hours and quenched by adding water, extracted 
with dichloromethane. The extract was washed with brine and dried over anhydrous Na2SO4. 
The solvent was evaporated to give the crude product, which was purified by silica gel 
chromatography. The collected product fractions were acidified with concentrated HCl and 
then flushed with nitrogen to remove the solvent. The solid obtained was washed with hexane 
and dried under vacuum to give 6-5 as the HCl salt (0.43 g, 53%). Mp 124-125°C (acetone). 
1
H NMR (400 MHz, acetone-d6/D2O) δ 9.83 (s, 1H),7.90 (d, J = 4.0 Hz, 1H), 7.48 (s, 1H), 
7.47 (m, 2H), 7.41 (m, 2H), 7.35 (m, 1H), 7.20 (d, J = 4.0 Hz, 1H), 4.64 (s, 2H), 4.31 (q, J = 
7.2 Hz, 2H), 1.35 (t, J = 7.2, 3H). 
13
C NMR (100 MHz, acetone-d6/D2O) 184.5, 167.2, 166.4, 
148.7, 141.6, 140.7, 138.9, 130.4, 129.4, 129.2, 127.5, 124.3, 117.4, 107.2, 61.6, 52.5, 15.6; 
HRMS (ESI) Calcd for C19H17NO3S2 (M+H)
+
: 372.07226, found: 372.07236. 
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1
H NMR and 
13
C NMR Spectra 
 
Figure A8-1. 
1
H NMR spectrum of 6-1 in acetone-d6. 
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Figure A8-2. 
13
C NMR spectrum of 6-1 in acetone-d6. 
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Figure A8-3. 
1
H NMR spectrum of 6-2 in acetone-d6. 
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Figure A8-4. 
13
C NMR spectrum of 6-2 in acetone-d6. 
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Figure A8-5. 
1
H NMR spectrum of 6-3 in acetone-d6. 
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Figure A8-6. 
13
C NMR spectrum of 6-3 in acetone-d6. 
 
ppm (f1)
050100150200
0
5000
10000
15000
20000
25000
30000
2
0
7
.1
4
7
1
6
7
.0
2
5
1
6
6
.1
4
4
1
4
8
.8
2
2
1
4
7
.9
8
2
1
3
2
.5
7
4
1
2
8
.4
6
8
1
2
2
.6
8
1
1
1
6
.3
0
1
1
0
8
.6
7
5
6
1
.5
5
4
3
1
.4
0
7
3
1
.2
1
5
3
1
.0
2
2
3
0
.8
3
0
3
0
.6
3
8
3
0
.4
4
5
3
0
.2
5
3
1
5
.7
6
1
  
CCI 
 
Figure A8-7. 
1
H NMR spectrum of 6-4 in acetone-d6. 
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Figure A8-8. 
13
C NMR spectrum of 6-4 in acetone-d6. 
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Figure A8-9. 
1
H NMR spectrum of 6-5 in acetone-d6. 
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Figure A8-10. 
13
C NMR spectrum of 6-5 in acetone-d6 
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Absorbance and Fluorescence Characterization 
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Figure A8-11. Normalized absorbance (■) and fluorescence (●) spectra of 6-1 in deaerated 
dichloromethane. 
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Figure A8-12. Normalized absorbance (■) and fluorescence (●) spectra of 6-2 in deaerated 
dichloromethane. 
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Figure A8-13. Normalized absorbance (■) and fluorescence (●) spectra of 6-3 in deaerated 
dichloromethane. 
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Figure A8-14. Normalized absorbance (■) and fluorescence (●) spectra of 6-4 in deaerated 
dichloromethane. 
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Figure A8-15. Normalized absorbance (■) and fluorescence (●) spectra of 6-5 in deaerated 
dichloromethane. 
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Fluorescence Quenching 
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Figure A8-16. Quenching constant determination for the quenching of 6-2 with 
benzyldecylamine. 
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Annexe 9- Chapitre 6 
Résolution de la structure cristalline. 
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Table A9-1. Crystal data. 
C12H11NO3S2 ? 
Mr = 281.34 Dx = 1.509 Mg m
−3
 
Monoclinic, P21/c Melting point: ? K 
Hall symbol: -P 2ybc Cu Kα radiation, λ = 1.54178 Å 
a = 13.5461 (7) Å Cell parameters from 15645 reflections 
b = 5.6788 (3) Å θ = 3.3–69.3° 
c = 16.1132 (8) Å µ = 3.91 mm
−1
 
β = 92.787 (2)° T = 150 K 
V = 1238.05 (11) Å
3
 Needle-like, yellow 
Z = 4 0.13 × 0.05 × 0.03 mm 
F(000) = 584 
 
 
Table A9-2. Data collection. 
Bruker Microstar  
diffractometer  
2313 independent reflections 
Radiation source: Rotating Anode 2168 reflections with I > 2σ(I) 
Helios optics  Rint = 0.036 
Detector resolution: 8.3 pixels mm
-1
 θmax = 69.7°, θmin = 3.3° 
ω scans h = −16 16 
Absorption correction: multi-scan  
SADABS (Sheldrick, 1996) 
k = −5 6 
Tmin = 0.570, Tmax = 0.889 l = −19 19 
25307 measured reflections 
 
Table A9-3. Refinement. 
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Refinement on F
2
 
Secondary atom site location: difference 
Fourier map 
Least-squares matrix: full 
Hydrogen site location: inferred from 
neighbouring sites 
R[F
2
 > 2σ(F2)] = 0.026 
H atoms treated by a mixture of independent 
and constrained refinement  
wR(F
2
) = 0.072 
w = 1/[σ2(Fo
2
) + (0.0447P)
2
 + 0.3205P]  
where P = (Fo
2
 + 2Fc
2
)/3 
S = 1.06 (Δ/σ)max = 0.001 
2313 reflections Δρmax = 0.25 e Å
−3
 
172 parameters Δρmin = −0.27 e Å
−3
 
0 restraints Extinction correction: none 
? constraints Extinction coefficient: ? 
Primary atom site location: structure-
invariant direct methods 
 
 
Refinement of F
2
 against ALL reflections. The weighted R-factor wR and goodness of fit S are 
based on F
2
, conventional R-factors R are based on F, with F set to zero for negative F
2
. The 
threshold expression of F
2
 > 2sigma(F
2
) is used only for calculating R-factors(gt) etc. and is 
not relevant to the choice of reflections for refinement. R-factors based on F
2
 are statistically 
about twice as large as those based on F, and R– factors based on ALL data will be even 
larger. 
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Table A9-4. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å
2
). 
 
x y z Uiso*/Ueq 
S1 0.15522 (2) 1.22353 (6) 0.47777 (2) 0.02616 (11) 
S2 −0.06751 (2) 1.26113 (5) 0.396823 (19) 0.02543 (11) 
N1 0.34091 (9) 1.1627 (2) 0.53887 (8) 0.0331 (3) 
H1A 0.3970 (14) 1.111 (3) 0.5361 (11) 0.045 (5)* 
H1B 0.3337 (12) 1.291 (3) 0.5647 (10) 0.028 (4)* 
C1 0.26869 (9) 1.0826 (2) 0.48668 (8) 0.0260 (3) 
C2 0.27029 (9) 0.8862 (2) 0.43422 (8) 0.0255 (3) 
C3 0.17911 (9) 0.8526 (2) 0.38883 (8) 0.0248 (3) 
H3 0.1677 0.7266 0.3508 0.030* 
C4 0.10913 (9) 1.0176 (2) 0.40462 (7) 0.0238 (3) 
C5 0.00866 (9) 1.0313 (2) 0.37128 (7) 0.0230 (3) 
C6 −0.04018 (9) 0.8747 (2) 0.31773 (7) 0.0254 (3) 
H6 −0.0104 0.7373 0.2965 0.030* 
C7 −0.13779 (9) 0.9402 (2) 0.29825 (8) 0.0270 (3) 
H7 −0.1814 0.8515 0.2625 0.032* 
C8 −0.16458 (9) 1.1468 (2) 0.33614 (8) 0.0264 (3) 
C9 −0.25969 (11) 1.2602 (2) 0.33075 (9) 0.0317 (3) 
H9 −0.3102 1.1890 0.2963 0.038* 
O9 −0.28045 (8) 1.44060 (19) 0.36697 (7) 0.0439 (3) 
C10 0.36007 (10) 0.7501 (2) 0.42652 (8) 0.0263 (3) 
O10 0.43816 (7) 0.79255 (18) 0.46455 (6) 0.0348 (2) 
O11 0.35028 (6) 0.57254 (16) 0.37152 (5) 0.0283 (2) 
C12 0.43847 (10) 0.4291 (3) 0.36365 (8) 0.0317 (3) 
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H12A 0.4575 0.3535 0.4174 0.038* 
H12B 0.4942 0.5281 0.3468 0.038* 
C13 0.41436 (13) 0.2451 (3) 0.29871 (10) 0.0387 (4) 
H13A 0.3548 0.1594 0.3132 0.058* 
H13B 0.4698 0.1349 0.2961 0.058* 
H13C 0.4028 0.3213 0.2445 0.058* 
 
Table A9-5. Geometric parameters (Å, °). 
S1—C1 1.7326 (13) C5—C6 1.3845 (18) 
S1—C4 1.7537 (13) C6—C7 1.3946 (18) 
S2—C5 1.7261 (12) C7—C8 1.3789 (18) 
S2—C8 1.7268 (13) C8—C9 1.4394 (19) 
N1—C1 1.3385 (18) C9—O9 1.2186 (17) 
C1—C2 1.4003 (18) C10—O10 1.2204 (17) 
C2—C3 1.4174 (18) C10—O11 1.3449 (16) 
C2—C10 1.4513 (18) O11—C12 1.4565 (15) 
C3—C4 1.3652 (18) C12—C13 1.503 (2) 
C4—C5 1.4407 (17) 
  
C1—S1—C4 91.89 (6) C6—C5—S2 111.16 (9) 
C5—S2—C8 91.61 (6) C4—C5—S2 121.12 (9) 
N1—C1—C2 128.15 (12) C5—C6—C7 112.84 (11) 
N1—C1—S1 120.89 (10) C8—C7—C6 113.21 (12) 
C2—C1—S1 110.96 (9) C7—C8—C9 127.45 (12) 
C1—C2—C3 112.32 (11) C7—C8—S2 111.17 (10) 
C1—C2—C10 120.89 (11) C9—C8—S2 121.36 (10) 
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C3—C2—C10 126.67 (12) O9—C9—C8 125.04 (14) 
C4—C3—C2 114.03 (12) O10—C10—O11 122.29 (12) 
C3—C4—C5 128.27 (12) O10—C10—C2 124.16 (12) 
C3—C4—S1 110.80 (9) O11—C10—C2 113.54 (11) 
C5—C4—S1 120.90 (9) C10—O11—C12 114.93 (10) 
C6—C5—C4 127.72 (11) O11—C12—C13 107.32 (11) 
 
Table A9-6. Hydrogen-bond geometry (Å, °). 
D—H···A D—H H···A D···A D—H···A 
N1—H1A···O10 0.818 (19) 2.231 (19) 2.7825 (17) 125.1 (16) 
N1—H1A···O10i 0.818 (19) 2.299 (19) 3.0066 (16) 145.1 (17) 
N1—H1B···O9ii 0.846 (17) 2.034 (18) 2.8579 (17) 164.4 (15) 
Symmetry codes: (i) −x+1, −y+2, −z+1; (ii) −x, −y+3, −z+1. 
All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using 
the full covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation 
of e.s.d.'s in distances, angles and torsion angles; correlations between e.s.d.'s in cell 
parameters are only used when they are defined by crystal symmetry. An approximate 
(isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes. 
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1
HNMR and 
13
CNMR Spectra. 
 
 
Figure A10-1. 
1
H NMR spectra of 7-4 in acetone-d6/D2O. 
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Figure A10-2.
13
C NMR spectra of 7-4 in acetone-d6/D2O. 
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Figure A10-3. 
1
H NMR spectra of 7-5 in acetone-d6. 
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Figure A10-4. 
13
C NMR spectra of 7-5 in acetone-d6. 
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Photophysical Properties.  
Photophysical properties of 7-1.  
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Figure A10-5. Normalized absorbance (■) and fluorescence (●) of 7-1 in dichloromethane. 
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Figure A10-6. Temperature dependant fluorescence of 7-1 in tetrahydrofuran from 300 K 
(purple) to 180 K (black). 
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Figure A10-7. Temperature dependence of the absolute fluorescence quantum yield of 7-1 in 
anhydrous and deaerated tetrahydrofuran. 
Photophysical properties of 7-2. 
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Figure A10-8. Normalized absorbance (■) and fluorescence (●) of 7-2 in dichloromethane. 
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Figure A10-9. Normalized absorbance of 7-2 in toluene (■), ether (●), tetrahydrofuran (), 
ethyl acetate (), chloroform (), dichloromethane (), dimethyl formamide () acetonitrile 
(), dimethyl sulfoxide () and ethanol (). 
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Figure A10-10. Normalized fluorescence of 7-2 in toluene (■), ether (●), tetrahydrofuran (), 
ethyl acetate (), chloroform (), dichloromethane (), dimethyl formamide () acetonitrile 
(), dimethyl sulfoxide () and ethanol (). 
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Figure A10-11. Lippert-Mataga plot of 7-2. 
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Figure A10-12. Fluorescence dependence of 7-2 with ET(30). 
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Figure A10-13. Temperature dependant fluorescence of 7-2 in tetrahydrofuran from 300 K 
(orange) to 180 K (black). 
Photophysical properties of 7-3. 
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Figure A10-14. Normalized absorbance (■) and fluorescence (●) of 7-3 in dichloromethane. 
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Figure A10-15. Temperature dependent absorbance of 7-3 between 25° (▬) and -10 °C (▬) 
in tetrahydrofuran. 
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Figure A10-16. Normalized absorbance of 7-3 in toluene (■), ether (●), tetrahydrofuran (), 
ethyl acetate (), chloroform (), dichloromethane (), dimethyl formamide () acetonitrile 
(), dimethyl sulfoxide () and ethanol (). 
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Figure A10-17. Normalized fluorescence of 7-3 in toluene (■), ether (●), tetrahydrofuran (), 
ethyl acetate (), chloroform (), dichloromethane (), dimethyl formamide () acetonitrile 
(), dimethyl sulfoxide () and ethanol (). 
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Figure A10-18. Lippert-Mataga plot of 7-3 
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Figure A10-19. Fluorescence dependence of 7-3 with ET (30). 
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Figure A10-20. Temperature dependant fluorescence of 7-3 in tetrahydrofuran from 300 
(orange) to 180 K (black). 
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Figure A10-21. Temperature dependant absorbance of 7-3 in tetrahydrofuran going from 25ºC 
(black) to -5ºC (brown). 
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Figure A10-22. Fluorescence quenching of 7-3 with nitrothiophene. 
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Figure A10-23. Stern-Volmer quenching for 7-3 with nitrothiophene. 
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Figure A10-24. Fluorescence quenching of 7-3 with nitromethane. 
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Figure A10-25. Stern-Volmer quenching of 7-3 with nitromethane. 
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Figure A10-26. Fluorescence quenching of 7-3 with addition of methanol. 
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Figure A10-27. Fluorescence quenching of 7-3 with addition of deuterated methanol. 
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Figure A10-28. Fluorescence quenching of 7-3 with addition of  isopropanol. 
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Figure A10-29. Dynamic Stern-Volmer quenching of 7-3 with methanol. 
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Figure A10-30. Dynamic Stern-Volmer quenching of 7-3 with the addition of deuterated 
methanol. 
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Figure A10-31. Dynamic Stern-Volmer quenching of 7-3 with the addition of isopropanol. 
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Photophysical properties of 7-4. 
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Figure A10-32. Normalized absorbance (■) and fluorescence (●) of 7-4 in dichloromethane. 
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Figure A10-33. Temperature dependent absorbance of 7-4 between 25° (▬) and -10 °C (▬) 
in tetrahydrofuran. 
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Figure A10-34. Normalized absorbance of 7-4 in toluene (■), ether (●), tetrahydrofuran (), 
ethyl acetate (), chloroform (), dichloromethane (), dimethyl formamide () acetonitrile 
(), dimethyl sulfoxide () and ethanol (). 
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Figure A10-35. Normalized fluorescence of 7-4 in toluene (■), ether (●), tetrahydrofuran (), 
ethyl acetate (), chloroform (), dichloromethane (), dimethyl formamide () acetonitrile 
(), dimethyl sulfoxide () and ethanol (). 
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Figure A10-36. Lippert-Mataga plot of 7-4. 
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Figure A10-37. Fluorescence dependence of 7-4 with ET (30). 
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Figure A10-38. Temperature dependant fluorescence 7-4 in tetrahydrofuran from 300 
(orange) to 180 K (black). 
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Figure A10-39. Temperature dependant absorbance of 7-4 in tetrahydrofuran from 25ºC 
(black) to -10ºC (navy). 
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Figure A10-40. Cryofluorescence of 7-4 in anhydrous ethanol between 180 (▬) and 300 K 
(▬). 
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Photophysical properties of 7-5. 
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Figure A10-41. Normalized absorbance (■) and fluorescence (●) of 7-5 in dichloromethane. 
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Figure A10-42. Temperature dependent absorbance of 7-5 between 25° (▬) to -10 °C (▬) in 
tetrahydrofuran. 
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Figure A10-43. Normalized absorbance of 7-5 in toluene (■), ether (●), tetrahydrofuran (), 
ethyl acetate (), chloroform (), dichloromethane (), dimethyl formamide () acetonitrile 
(), dimethyl sulfoxide () and ethanol (). 
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Figure A10-44. Normalized fluorescence of 7-5 in toluene (■), ether (●), tetrahydrofuran (), 
ethyl acetate (), chloroform (), dichloromethane (), dimethyl formamide () acetonitrile 
(), dimethyl sulfoxide () and ethanol (). 
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Figure A10-45. Lippert-Mataga plot of 7-5. 
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Figure A10-46. Fluorescence dependence of 7-5 with ET (30). 
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Figure A10-47. Temperature dependence of the absolute fluorescence quantum yield of of 7-5 
in function of temperature in anhydrous and deaerated tetrahydrofuran. 
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Figure A10-48. Temperature dependant absorbance of 7-5 in tetrahydrofuran going from 25ºC 
(black) to -5ºC (navy). 
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Photophysical properties of 7-6. 
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Figure A10-49. Normalized absorbance (■) and fluorescence (●) of 7-6 in dichloromethane. 
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Figure A10-50. Normalized absorbance of 7-6 in toluene (■), ether (●), tetrahydrofuran (), 
ethyl acetate (), chloroform (), dichloromethane (), dimethyl formamide () acetonitrile 
(), dimethyl sulfoxide () and ethanol (). 
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Figure A10-51. Normalized fluorescence of 7-6 in toluene (■), ether (●), tetrahydrofuran (), 
ethyl acetate (), chloroform (), dichloromethane (), dimethyl formamide () acetonitrile 
(), dimethyl sulfoxide () and ethanol (). 
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Figure A10-52. Lippert-Mataga plot of 7-6. 
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Figure A10-53. Fluorescence dependence of 7-6 with ET (30). 
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Figure A10-54. Temperature dependant fluorescence of 7-6 in tetrahydrofuran from 300 K 
(orange) to 180 K (black). 
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Figure A10-55. Solvatochromism of 7-2,7-3 and 7-6 under ambient light (left) and UV light 
(right). 
Laser flash photolysis. 
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Figure A10-56. Quenching kinetics of 7-1 with 1,3-cyclohexadiene in acetonitrile. Inset: 
transient kinetics of 7-1, monitored at 420 nm as a function of 1,3-cyclohexadiene. 
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Figure A10-57. Quenching kinetics of 7-1 with methylnaphtalene in acetonitrile. Inset : 
transient kinetics of 7-1, monitored at 420 nm as a function of methylnaphthalene. 
Laser flash photolysis of 7-2. 
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Figure A10-58. Quenching kinetics of 7-2 with 1,3-cyclohexadiene in acetonitrile. Inset : 
transient kinetics of 7-2, monitored at 420 nm as a function of 1,3-cyclohexadiene. 
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Figure A10-59. Quenching kinetics of 7-2 with methylnaphtalene in acetonitrile. Inset : 
transient kinetics of 7-2, monitored at 420 nm as a function of of methylnaphthalene. 
Laser flash photolysis of 7-3. 
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Figure A10-60. Transient spectrum for 7-3 in acetonitrile. 
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Figure A10-61. Transient kinetic of 7-3 monitored at 650 nm in acetonitrile. 
Laser flash photolysis of 7-4. 
 
350 400 450 500 550 600 650 700
-0.010
-0.005
0.000
0.005
0.010
0.015
T
o
p
 O
D
 (
a
.u
.)
Wavelength (nm)
 
Figure A10-62. Transient spectrum for 7-4 in acetonitrile. 
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Figure A10-63. Transient kinetic of 7-4 monitored at 550 nm in acetonitrile. 
Laser flash photolysis of 7-5. 
350 400 450 500 550 600 650 700
-0.005
0.000
0.005
0.010
T
o
p
 O
D
 (
a
.u
.)
Wavelength (nm)
 
Figure A10-64. Transient spectrum for 7-5 in acetonitrile. 
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Figure A10-65. Transient kinetic of 7-5 monitored at 550 nm in acetonitrile. 
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Electrochemical properties. 
Electrochemistry 
 
The electrochemical properties of the compounds were investigated to complement the 
spectroscopic trends (vide supra). Of particular interest are the oxidation potentials given that 
thiophenes  are known to be good hole transporting materials. The electrochemical studies 
further provide insight into the effect of the electronic  groups on the HOMO and LUMO 
energy levels by examining the oxidation and reduction potentials, respectively. Taking 7-1 as 
the benchmark, the effect of both the nitro group and its placement on the bithiophene can be 
seen from the electrochemical data.  As expected, the oxidation potential (Epa) of 7-1 is the 
least positive of the series investigated owing its electron donating amine.  The Epa is 
increased by 100 mV for 7-2 relative to 7-1 (Erreur ! Source du renvoi introuvable.) as 
result of the electron withdrawing aldehyde that is conjugated with the amine. Replacing the 
aldehyde with the stronger electron withdrawing nitro group shifts the Epa to values that are 
more positive by an additional 80 mV.  Meanwhile the Epa  of 7-3 and 7-4 differ by only 30 
mV. The higher Epa of 7-4 vs. 7-3 is expected since the 4′- nitro is not conjugated with the 
amine, therefore it can exert is full withdrawing potential to increase the Epa. This effect is 
further evident with 7-5 whose two nitro substituents work in concert to increase the oxidation 
potential.  As seen in Erreur ! Source du renvoi introuvable., the oxidation processes for the 
aminothiophenes are quasi irreversible with the exception of 7-2 and 7-6, whose oxidations are 
reversible. The lack of reversible oxidation for 7-1, 7-3 to 7-5 is due to the generated radical 
cations that are highly reactive. The intermediates are understood to homocouple according 
tostandard mechanisms, resulting in oligo- and polythiophenes. 
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Figure A10-66. Cyclic voltammograms showing the anodic processes of 7-1(▬), 7-2 (▬), 7-3 
(▬), 7-4 (▬), 7-5 (▬) and 7-6 (▬) in deaerated dichloromethane with 0.1 M TBAPF6 at 100 
mVs
-1
 with ferrocene as an internal reference (Epa= 435 mV vs SCE) 
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Figure A10-67. Cathodic cyclic voltammogram for 7-2 in dichloromethane with 0.1 M 
TBAPF6 at 100 mVs
-1
. 
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Figure A10-68. Cathodic cyclic voltammogram for 7-3 in dichloromethane with 0.1 M 
TBAPF6 at 100 mVs
-1
. 
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Figure A10-69. Cathodic cyclic voltammogram for 7-4 in dichloromethane with 0.1 M 
TBAPF6 at 100 mVs
-1
. 
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Electrochemical properties of 7-5.  
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Figure A10-70. Cathodic cyclic voltammogram for the reduction of 7-5 in dichloromethane 
with 0.1 M TBAPF6 at 100 mVs
-1
. 
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Figure A10-71. Cathodic cyclic voltammogram for 7-6 in dichloromethane with 0.1 M 
TBAPF6 at 100 mVs
-1
. 
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Annexe 11- Chapitre 7 
Résolution de la structure cristalline. 
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Table A11-1. Crystal data. 
C11H9N3O6S2 F(000) = 352 
Mr = 343.33 ? 
Triclinic, P  Dx = 1.715 Mg m
−3
 
Hall symbol: -P 1 Melting point: ? K 
a = 5.0101 (1) Å Cu Kα radiation, λ = 1.54178 Å 
b = 10.6411 (2) Å Cell parameters from 5251 reflections 
c = 13.3104 (2) Å θ = 3.5–72.2° 
α = 73.901 (1)° µ = 3.99 mm−1 
β = 79.183 (1)° T = 200 K 
γ = 80.485 (1)° Needle-like, blue 
V = 664.83 (2) Å
3
 0.25 × 0.06 × 0.04 mm 
Z = 2 
 
Table A11-2. Data collection. 
Bruker Smart 6000  
diffractometer  
2538 independent reflections 
Radiation source: Rotating Anode 2276 reflections with I > 2σ(I) 
Montel 200 optics  Rint = 0.033 
Detector resolution: 5.5 pixels mm
-1
 θmax = 72.5°, θmin = 3.5° 
ω scans h = −4 5 
Absorption correction: multi-scan  
SADABS (Sheldrick, 1996) 
k = −12 13 
Tmin = 0.498, Tmax = 0.852 l = −16 16 
8772 measured reflections 
 
Table A11-3. Refinement. 
  
CCLXI 
Refinement on F
2
 
Secondary atom site location: difference 
Fourier map 
Least-squares matrix: full 
Hydrogen site location: inferred from 
neighbouring sites 
R[F
2
 > 2σ(F2)] = 0.043 H-atom parameters constrained  
wR(F
2
) = 0.117 
w = 1/[σ2(Fo
2
) + (0.0958P)
2
]  
where P = (Fo
2
 + 2Fc
2
)/3 
S = 1.01 (Δ/σ)max < 0.001 
2538 reflections Δρmax = 0.37 e Å
−3
 
201 parameters Δρmin = −0.41 e Å
−3
 
0 restraints 
Extinction correction: SHELXL, 
Fc
*
=kFc[1+0.001xFc
2λ3/sin(2θ)]-1/4 
? constraints Extinction coefficient: 0.0045 (10) 
Primary atom site location: structure-
invariant direct methods 
 
 
Refinement of F
2
 against ALL reflections. The weighted R-factor wR and goodness of fit S are 
based on F
2
, conventional R-factors R are based on F, with F set to zero for negative F
2
. The 
threshold expression of F
2
 > 2sigma(F
2
) is used only for calculating R-factors(gt) etc. and is 
not relevant to the choice of reflections for refinement. R-factors based on F
2
 are statistically 
about twice as large as those based on F, and R– factors based on ALL data will be even 
larger. 
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Table A11-4. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å
2
). 
 
 
x y z Uiso*/Ueq 
S1 1.25342 (9) 0.87456 (4) 0.46867 (3) 0.02912 (17) 
S2 0.66039 (9) 0.58695 (4) 0.60661 (3) 0.03047 (17) 
O1 1.5771 (4) 1.02290 (18) 0.18425 (11) 0.0533 (5) 
O2 1.6154 (3) 1.05083 (16) 0.33638 (12) 0.0437 (4) 
O3 0.9031 (4) 0.68156 (17) 0.24110 (12) 0.0456 (4) 
O4 0.7114 (3) 0.61366 (16) 0.40275 (11) 0.0424 (4) 
O9 0.7012 (3) 0.59164 (16) 0.94767 (11) 0.0440 (4) 
O10 0.9982 (3) 0.73913 (16) 0.86844 (11) 0.0422 (4) 
N1 1.5183 (4) 0.99991 (16) 0.28022 (12) 0.0332 (4) 
N3 0.8720 (3) 0.67930 (16) 0.33597 (12) 0.0316 (4) 
N8 0.4739 (4) 0.49081 (18) 0.81129 (13) 0.0377 (4) 
H8A 0.4651 0.4840 0.8792 0.045* 
H8B 0.3753 0.4447 0.7901 0.045* 
C1 1.3298 (4) 0.90793 (18) 0.33335 (14) 0.0295 (4) 
C2 1.2014 (4) 0.83972 (19) 0.28912 (15) 0.0317 (4) 
H2 1.2232 0.8459 0.2155 0.038* 
C3 1.0300 (4) 0.75792 (18) 0.36755 (14) 0.0287 (4) 
C4 1.0308 (3) 0.76249 (17) 0.47281 (13) 0.0259 (4) 
C5 0.9016 (4) 0.70018 (18) 0.57546 (14) 0.0281 (4) 
C6 0.9527 (4) 0.72183 (19) 0.66840 (14) 0.0301 (4) 
H6 1.0773 0.7800 0.6686 0.036* 
C7 0.8067 (4) 0.65139 (18) 0.76100 (14) 0.0308 (4) 
  
CCLXIII 
C8 0.6367 (4) 0.57117 (19) 0.74046 (15) 0.0309 (4) 
C9 0.8267 (4) 0.6563 (2) 0.86882 (14) 0.0333 (4) 
C10 1.0315 (5) 0.7535 (2) 0.97135 (15) 0.0419 (5) 
H10A 1.2130 0.7818 0.9666 0.050* 
H10B 1.0226 0.6675 1.0243 0.050* 
C11 0.8134 (6) 0.8522 (3) 1.00549 (19) 0.0610 (7) 
H11A 0.8104 0.9347 0.9497 0.092* 
H11B 0.8502 0.8684 1.0703 0.092* 
H11C 0.6358 0.8188 1.0190 0.092* 
 
Table A11-5. Geometric parameters (Å, °). 
 
S1—C1 1.7170 (18) N3—C3 1.429 (2) 
S1—C4 1.7464 (18) N8—C8 1.334 (2) 
S2—C8 1.7255 (19) C1—C2 1.350 (3) 
S2—C5 1.7609 (18) C2—C3 1.411 (3) 
O1—N1 1.220 (2) C3—C4 1.416 (2) 
O2—N1 1.240 (2) C4—C5 1.426 (2) 
O3—N3 1.237 (2) C5—C6 1.395 (3) 
O4—N3 1.224 (2) C6—C7 1.395 (2) 
O9—C9 1.211 (2) C7—C8 1.409 (3) 
O10—C9 1.327 (2) C7—C9 1.473 (2) 
O10—C10 1.462 (2) C10—C11 1.484 (4) 
N1—C1 1.422 (2) 
  
C1—S1—C4 92.07 (8) C3—C4—S1 107.67 (12) 
  
CCLXIV 
C8—S2—C5 92.15 (9) C5—C4—S1 115.78 (13) 
C9—O10—C10 116.73 (15) C6—C5—C4 123.39 (17) 
O1—N1—O2 124.19 (17) C6—C5—S2 109.47 (13) 
O1—N1—C1 119.21 (16) C4—C5—S2 127.14 (14) 
O2—N1—C1 116.59 (15) C5—C6—C7 114.79 (17) 
O4—N3—O3 122.73 (15) C6—C7—C8 112.12 (16) 
O4—N3—C3 119.33 (15) C6—C7—C9 125.15 (17) 
O3—N3—C3 117.93 (16) C8—C7—C9 122.72 (16) 
C2—C1—N1 127.04 (17) N8—C8—C7 127.13 (17) 
C2—C1—S1 114.27 (14) N8—C8—S2 121.40 (14) 
N1—C1—S1 118.68 (14) C7—C8—S2 111.46 (14) 
C1—C2—C3 110.47 (16) O9—C9—O10 124.68 (17) 
C2—C3—C4 115.51 (16) O9—C9—C7 123.42 (18) 
C2—C3—N3 118.87 (16) O10—C9—C7 111.90 (15) 
C4—C3—N3 125.62 (16) O10—C10—C11 110.34 (19) 
C3—C4—C5 136.55 (17) 
  
 
  
  
CCLXV 
 
Table A11-6. Hydrogen-bond geometry (Å, °). 
D—H···A D—H H···A D···A D—H···A 
N8—H8A···O9 0.88 2.23 2.829 (2) 125 
N8—H8A···O9i 0.88 2.26 3.077 (2) 154 
N8—H8B···O3ii 0.88 2.25 3.125 (2) 172 
Symmetry codes: (i) −x+1, −y+1, −z+2; (ii) −x+1, −y+1, −z+1. 
All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using 
the full covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation 
of e.s.d.'s in distances, angles and torsion angles; correlations between e.s.d.'s in cell 
parameters are only used when they are defined by crystal symmetry. An approximate 
(isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.
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